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The effects of material/fabrication parameters on vapor-grown carbon nanofiber 
(VGCNF) reinforced vinyl ester (VE) nanocomposite flexural moduli and strengths were 
investigated. Statistically reliable empirical response surface models were developed to 
quantify the effects of VGCNF type, use of dispersing agent, mixing method, and 
VGCNF loading on flexural properties. Optimal nanocomposite formulation and 
processing (0.74 phr oxidized VGCNFs, dispersing agent, and high-shear mixing) 
resulted in predicted flexural modulus and strength values 1.18 and 1.26 times those of
the neat resin. 
Additional flexural, tensile, and compressive tests were performed for optimally 
configured nanocomposites cured in a nitrogen environment. While flexural and tensile 
moduli significantly increased with increasing VGCNF loading, the corresponding 
strengths fell below those of the neat resin. In contrast, nanocomposite ultimate
compressive strengths significantly exceeded the neat resin strengths. Nanocomposites
 
 
prepared using aggressive high-shear mixing displayed improved elastic moduli and 
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With the rapid development of novel automotive structures with strict weight and 
cost requirements, the demand for advanced materials continues to increase. Fiber-
reinforced composite materials are increasingly used in high performance applications 
due to relatively good specific mechanical properties, corrosion resistance, and ease of 
fabrication and repair in comparison to metals. Cost-effective lightweight composites 
offer considerable promise for aerospace and automotive applications since they can 
improve fuel efficiency and reduce dependence on foreign oil. Roughly 50% (by weight) 
of carbon fiber reinforced thermoplastic composites were used for manufacturing the 
Boeing 787 Dreamliner (Hawk, 2007). In addition, glass fiber reinforced nylon 
composites are commonly used for various types of automobile parts such as timing belt 
covers, engine covers and doors (Kohan, 1995; Gao, 2004; Cox et al. 2004) 
In recent years, nano-reinforced composites have been developed with promising 
enhancements in specific material properties over conventional composites due to the
exceptionally high surface area to volume ratio associated with nano-reinforcements. 
Accordingly, the large interface between a typical nano-reinforcement and resin has the 
potential for a dramatic increase in load transfer efficiency and a significant improvement








industrial aerospace and automotive applications, a comprehensive understanding of the 
fabrication and mechanical behavior of nanocomposites must be developed. The aim of 
the current study is to investigate the use of vapor-grown carbon nanofiber (VGCNF) 
reinforced vinyl ester (VE) nanocomposites in automotive applications. The effect of 
material/fabrication parameters on the tensile, flexural, and compressive response of 
VGCNF/VE nanocomposites is addressed. Specifically, the effect of VGCNF type 
(pristine, oxidized), VGCNF loading (0.25/0.50/0.75/1.00 phr), use of dispersing agent
(DA), and mixing technique (sonication, high-shear, and coupled mixing) are studied. 
A total of 48 unique VGCNF/VE nanocomposite configurations based on 
combinations of four different material/fabrication parameters prepared by Nouranian, S. 
(Chemical Engineering Department, Mississippi State University) were considered in an 
initial screening study. In initial flexural testing, two specimens for each composition
were tested at the Center for Advanced Vehicular System (CAVS) at Mississippi State 
University (MSU). A statistical design of experiments (DOE) approach was employed to 
investigate the coupled effect of relevant fabrication and configuration parameters on the 
flexural response of a variety of VGCNF/VE nanocomposites. A statistically reliable 
response surface model (RSM) was developed to assess the combination of material and 
fabrication parameters that lead to optimal mechanical properties. The results of the RSM 
were used to help define the nanocomposite configuration utilized in a concentrated
experimental investigation. The goal of this work is to identify the optimal
nanocomposite material and fabrication configuration that maximizes both modulus and 
strength at low VGCNF compositions. Scanning electron microscopy (SEM) was used to 










LITERATURE REVIEW ON VAPOR-GROWN CARBON NANOFIBER/VINYL 
ESTER NANOCOMPOSITES 
2.1 Vinyl Ester (VE) Resin
Vinyl ester (VE) resins are thermosets produced by the reaction of bisphenol 
epoxy starting compounds with acrylic or methacrylic acids, as shown in Figure 2.1 
(Adapted from Li, 1998). Typically, the terminal unsaturated sites will react to form a 
cross-linked network, either of the homo-polymerized VE monomer itself or of the co-
polymerized VE with other reactive monomers (Goodman, 1986). Comonomers are 
frequently used to change properties, lower crosslink density, increase the gel point, and 
to lower the resin’s viscosity in order to improve infusion. Styrene is the most widely
used reactive comonomer for VE resin systems. A variety of epoxy compound mixtures 
with different molecular weights and unsaturated acids can be adapted to generate a wide 
number of VE resins (Harris, 2003). Commercially, a styrene content weight fraction of 
35 – 50% of weight fraction is frequently used. 
VE resins possess superior fracture toughness and chemical resistance properties 
versus unsaturated polyesters (Goodman, 1986). Superior resin toughness can enhance 
overall composite performance by delaying the onset of matrix cracks. Table 2.1 includes 












Relatively low cost VE resins provide 50 – 100% enhanced KC values compared to low 
cost Crystic 600 PA (bisphenol polyester resin). 
Figure 2.1 Synthesis of vinyl ester monomer by the reaction of a bisphenol-A 
glycidylether with methacrylic acid (Li, 1998) 
A significant improvement in mechanical properties (modulus, strength) resulted 
from the incorporation of a relatively high molecular weight, epoxy-based VE monomer
together with styrene (Dudgeon, 1985; Li, 1998; Harris, 2003). VE resins typically 
possess superior physical and mechanical properties to those of unsaturated polyesters 
(cf., Table 2.2). Moreover, uncured VE resins are very reactive to cross-linking due to 
their terminal reactive sites. VE resins can be rapidly cured via free radical chain 
polymerization as either homo-polymers or with comonomers (such as a styrene), 
compared to conventional polyesters and epoxy resins (Dudgeon, 1985). 
VE resins are widely used thermosets in commercially developed composite 
material applications because of their versatility. For example, nano-reinforcements and 







other additives in the preparation of nanocomposites (Li, 1998; Xu et al. 2004; Plaseied 
2006). Use of coupling agents can lead to nanocomposites with better adhesion between 
VGCNFs and VE resin (Sheppard, 1986; Tan et al. 2005). A dispersant (dispersing agent) 
can be used to minimize the viscosity of the VE resin during the mixing process and 
generally leads to better nanoparticle dispersion (Ortona et al. 2008; Prolongo et al 2008). 
Air release agents and a hardener are employed to promote the cure of VE-based 
nanocomposites (Li, 1998; Kulshreshtha and Vasile, 2002; BYK Additives & Instruments, 
2009). The general curing mechanisms associated with VE resins are analogous to those 
of unsaturated polyesters, as detailed by Margolis (1986). 
Table 2.1 
KC of typical thermosetting polymers (Harris, 2003; Li, 1998) 
Resin Type KC (MNm3/2) Environment Reference 








Derakane 8084 Vinyl Ester (40 wt% styrene) 1.15 
Clean laboratory Li (1998) 
DERAKANE 
411 – 45 
Vinyl Ester 
(45 wt% styrene) 0.75 
DERAKANE 
Vinyl Ester 
(28 wt% styrene) 0.72 
411 – 400 Vinyl Ester 
(35 wt% styrene) 0.63 
a+ modified 
polybutadiene polybutadiene 2.22 
5
 













Typical mechanical properties of polyesters and vinyl esters at room temperature 
(Margolis, 1986; Burchill and Pearce, 1996; Ashland Chemical Company, 





















158.58 < 2 -
82.74 4.07 126.86 2 0 wt% Styrene2 
80.67 3.31 125.48 4.5 50 wt% Styrene3 
Vinyl Ester 
Resin 82.74 3.17 151.48 5 – 6 
DERAKANE 
510A – 404 
84.81 3.38 149.62 4 – 5 DERAKANE 510C – 3505 
89.63 3.31 144.79 5 – 6 DERAKANE 411 – 4006 
1 Reference from: Margolis (1986).
2, 3 Reference from: Burchill and Pearce (1996). 
4, 5, 6 Ashland Chemical Company, 2004a, 2004b, and 2004c. 
2.2 Vapor-Grown Carbon Nanofibers (VGCNFs) 
Note that VGCNFs generated in a flow reactor using chemical vapor deposition 
(CVD) consist of graphitic cylinders with lengths (L) of 50 – 120  m and diameters (D) 
of 60 – 200 nm, associated with relatively high aspect ratios (L/D) of 250 – 2000. The
high aspect ratios contribute to higher van der Walls attractive forces as a function of 
weight between adjacent VGCNFs. Due to high VGCNF aspect ratios and their curved 
and irregular shapes, VGCNFs have a tendency to entangle and agglomerate. Minimizing 






nanocomposites. For nanocomposite applications, a comprehensive understanding of 
VGCNF morphology, structure, and distribution play a key role in bulk mechanical 
behavior and properties. 
2.2.1 Morphology and Structure 
The VGCNFs are commonly classified based on the orientation of their 
graphitized shells. VGCNFs may contain disordered hollow structures or hollow cores 
surrounded by concentric stacked cup or layered structure morphologies. Graphitized 
sheets can exist at very oblique angles parallel to the fiber axis (“stacked cup” 
morphology) or at much less oblique angles, finally approaching “a herringbone” 
morphology. Fibers with the “stacked cup” morphology were used in this thesis. The 
degree of heat treatment can also change VGCNF morphology. The tensile moduli of
VGCNFs may be very sensitive to the tilt angle of graphitized shells (Wei and Srivastava, 
2004). The thickness and orientation of stacked layers significantly affect the properties 
of VGCNFs (Lawrence et al. 2008). Figure 2.2 shows transmission electron microscopy 
(TEM) images of typical VGCNFs with various morphologies (Luo and Daniel, 2003; 
Ash et al. 2004; Karger and Zhang, 2004). VGCNFs with a stacked morphology are 











Figure 2.2 TEM images of carbon nanofibers: (a) highly disordered pure hollow 
cylinder type structure (Ash et al. 2004), (b) cup-stacked structure (Karger 
and Zhang, 2004), and (c) stacked layers (Luo and Daniel, 2003) 
Uchida et al. (2006) observed double-layered VGCNFs formed using high 
temperature treatment where graphitization becomes far more complete and crystalline 
regularity is enhanced. The inner stacked cup (highly graphitized) layer was more highly 
crystallized. Since the outer turbostratic layer is less ordered originally than the stacked 
cup layer, a clean separation between the layers can be seen.
Single-layered and double-layered morphologies are shown in Figure 2.3. The
VGCNF morphology is a crucial factor in determining the axial moduli of VGCNFs due
to a strong dependence on the degree of crystallinity of graphitized shells (Uchida et al. 
2006). In general, the double-layered VGCNFs have a higher graphite plane orientation 











Figure 2.3 TEM images of VGCNFs: (a) single layer VGCNF (Tibbetts et al. 2007) and 
(b) double layered VGCNF (Miyagawa et al. 2006) 
2.2.2 Fabrication Process
Among several distinct techniques for producing VGCFs the CVD method is the 
most widely used commercial technique (Krätschmer et al. 1990; Thess et al. 1996; Ci et 
al. 2000; Singh et al. 2002). There are two distinct techniques to synthesize VGCFs by 
CVD: the catalyst deposited substrate method and floating catalyst method. The former is 
one where VGCFs are grown on a substrate by the dissolution and diffusion of carbon 
atoms, while the latter is a case where VGCFs are grown in a carbon-containing gas flow
(generally, methane, ethylene, acetylene, carbon monoxide, or benzene or ethanol vapor) 
(Mordkovich, 2003). 
VGCF growth on a substrate can be summarized by two independent sequential 
lengthening and thickening processes. Fiber lengthening occurs an iron-based metal
catalyst is exposed to a carbon containing gas at temperatures around 500 – 1500 °C 








salt which is later reduced to Fe0 on the substrate. Here, high temperatures are mandatory 
in order to evaporate the solvent. 
Figure 2.4 contains a schematic of the processes by which an iron particle 
suspension may be applied onto a substrate (From Endo and Shikata, 1985). It is well 
recognized that VGCF fiber lengthening lasts until no activation exists between catalytic 
particles on the surface of the substrate. After fiber lengthening, chemical deposition of 
carbon on to fiber surfaces enlarges the diameter of fiber filaments (Figueredo and Serp,
2001). This procedure may be used to generate fibers up to several centimeters in length 
and 100  m in diameter (Tibbetts et al. 1987). The catalytic particle size influences the 
diameter of CFs (Figueredo and Serp, 2001). The diameter of VGCNFs grown this way 
has currently been investigated in the range from 10 to 200  m (Tibbetts et al. 1987;
Figueredo and Serp, 2001). Unfortunately, the major drawback of the CVD substrate 
method is that the process is not continuous (Mordkovich, 2003). Fiber lengthening and 
thickening occur sequentially during this process, leading to longer fabrication times in 
comparison with the much smaller VGCNFs produced using the floating catalyst method. 
Pyrograf®  , produced by Applied Science Inc., are patented VGCFs fabricated by the 











Figure 2.4 Growth of VGCNFs on a substrate: (a) a catalyst is applied as a suspension
of a fine iron powder in a solvent and (b) a catalyst is applied as a solution of 
iron compound (Endo and Shikata, 1985) 
The floating catalyst method is a more efficient technique than depositing the 
catalyst on a substrate since it is a continuous process where the fiber lengthening and 
thickening occur simultaneously. Therefore, the floating catalyst method saves time and 
reduces manufacturing costs. The VGCFs prepared by the floating catalyst method are
fully graphitized – filament structures unless the floating time in the reaction in extended 
to where a turbostratic carbon layer deposited on the outer surface (Tibbetts et al. 1993).
Figure 2.5 shows the conventional floating catalyst method, where vaporized catalyst 
material and gaseous hydrocarbon and some H2S are introduced into the reactor with a 
carrier gas containing additives that generate the active catalyst particles (From Ci et al.
2002). The hot carbon-containing gas evaporates the catalyst solution to allow formation 











reactor in an electric furnace. The evaporation reaction typically proceeds in the hot
hydrocarbon gas (methane, benzene, etc.) which rapidly reaches a stable temperature at 
around 1000 – 1200°C (Baker and Harris, 1978; Singh et al. 2003). Then the fabricated 
VGCFs and exhaust gases are separately collected from the bottom of the reactor. 
Pyrograf®  is a general class of well known VGCNFs manufactured by Applied 
Science Inc. (ASI) using the floating catalyst method. There are many subtypes of 
Pyrograf®  made, depending on the processing temperatures, times, post heat 
treatments, and surface functionalizations performed in the reaction.








There are two crucial parameters for producing VGCNFs that control the length 
and diameter produced using CVD: temperature and catalyst activity. A decrease in the 
temperature of the process and an increase in catalyst activity can lead to relatively thin 
CNFs (Mordkovich, 2003). When producing VGCNFs, the appropriate selection of 
temperature, catalyst type, and catalytic particle size are key design parameters (Baker 
and Harris, 1978; Mordkovich, 2003). Figure 2.6 shows a schematic of growth 
mechanisms (thickening, lengthening), associated with the two unique CVD processes 
(From Figueredo and Serp, 2001). Commercially, iron pentacarbonyl, Fe(CO)5, is most 
often used with H2S in the gas phase to enhance fiber growth from the iron catalyst. 
Figure 2.6 VGCNF growth mechanism including catalyst and nanofibers: (a) catalyst 












The mechanical properties of VGCNFs typically increase with decreasing fiber 
diameter due to an improved degree of graphitization and perfection in the structure (i.e.,
lower defect density). A threshold fiber diameter of 1  m defines the transition point 
between a traditional carbon fiber and a “VGCNF.” Below the threshold value, the 
influence of VGCNF diameter has a profound effect on mechanical properties 
(Mordkovich, 2003). Figure 2.7 shows a plot of the variation of tensile properties as a 
function of CF diameters where such a tendency is clearly exhibited (From Tibbetts et al. 
1987). VGCNFs with diameters of 100 and 300 nm had tensile strengths of 2.2 GPa and 
1.77 GPa, respectively (Al-Saleh and Sundararaj, 2009). The dependence of tensile 
properties on VGCNF diameter is caused both by a change of morphology and by an 
increase of defects as the nanofiber diameter increases (Endo et al. 2001). The tensile
moduli of VGCNFs are also very sensitive to the angle of graphitized shells. Graphite 
plane angles that are more closely aligned with the fiber axes (small oblique angles) lead 
to higher tensile moduli (Wei and Srivastava, 2004). 
Figure 2.7 (a) Strength and (b) tensile modulus of vapor-grown nano carbon fiber 










Table 2.3 shows physical properties of typical of commercially available ASI 
Pyrograf ®   VGCFs and Pyrograf ®  VGCNFs. In the past, accurate measurements of
the mechanical and physical properties of individual Pyrograf ®  VGCNFs have not 
been performed due to their small (nano-scale) size. So, it is often assumed that tensile 
strength, tensile modulus and coefficient of thermal expansion (CTE) of Pyrograf ® 
VGCNFs are identical to those of heat-treated Pyrograf ®   VGCFs (Kuriger, 2000). 
Typical properties of Pyrograf ®   were measured from standard tests of a laboratory 
thickened VGCNF with a length of around 5  m (Lee, 2005). Heat-treated VGCNFs
generally have higher tensile moduli and thermal conductivities, although their diameters 
are quite similar to as-grown VGCNFs. The heat treatment of VGCNFs further 
graphitizes the carbon and reduces the amount of iron catalysts (defects) on the VGCNF 
surface. Adhesion of VGCNFs to a polymer matrix is dominated by chemical interactions 
at the interface. Al-Saleh and Sundararaj (2009) showed that VGCNF heat treatment is 
effective in removing liquid polynuclear aromatic hydrocarbons present on the VGCNF 
surfaces after growth at lower temperatures. Subsequent oxidation of as-formed VGCNFs 
or chemical etching can impart surface functional groups that can enhance fiber-matrix 












Properties of VGCNF for distinct manufacturing processes which have typically been 
announced in the past (Applied Science Inc., 2001a, 2001b) 
VGCNF 1Pyrograf ® 2Pyrograf ® 
Fabrication Process Catalyst Deposited Substrate Floating Catalyst 
Surface Treatment Pristine Heat Treated Pristine 
Fiber Diameter (nm) 100 to 200 100 to 200 60 to 200 
Tensile Strength (GPa) 2.7 7.0 7.0 
Tensile Modulus (GPa) 400 600 600 
CTE (ppm/ oC) N/A -1.0 -1.0 
Electrical Resistivity
(  -cm) 1000 55 55 
Thermal Conductivity 
(W/m-K) 20 1950 -
1Reference from Applied Science Inc., 2001a. 
2PR-24-PS grade (pyrolytically stripped CNFs): Reference from Applied Science Inc., 2001b.
Several researchers have performed analytical calculations of the mechanical 
properties of VGCF or VGCNFs. Recall that properties are typically assumed to be 
identical for Pyrograf ®   VGCFs and Pyrograf ® VGCNFs. Jacobsen et al. (1995)
evaluated the elastic properties of individual VGCFs using a low strain vibrating-reed 
technique where an individual VGCF is mounted as cantilever with one end fixed and the 
other end free. The average elastic modulus was calculated to be 680 GPa. Elastic moduli
of VGCFs were back-calculated in the range of 100 – 210 GPa by using a modified Cox 
model (Ting, 1999). In addition, Tandon and Weng (1984) developed well known 















Tanaka method (Mori and Tanaka, 1987). Their analysis showed an effective elastic 
modulus of VGCNF of 240 GPa. Uchida et al. (2006) performed tensile (elastic) modulus 
calculations based on VGCNF morphologies (single layer, double layered). The elastic 
modulus for a single layer VGCNF along its axis was calculated to be 50 GPa, while for a 
double layer VGCNF was in the range of 100 – 775 GPa. Recently, Ozkan et al. (2009) 
performed microelectromechanical systems (MEMS)-based mechanical property 
measurements from a single VGCNFs and obtained elastic moduli of 180 ± 60 GPa (for 
pyrolytically stripped VGCNFs) and 245 ± 52 GPa (for 2800 C heat-treated VGCNFs). 
Table 2.4 includes a summary of theoretical and experimental determination of VGCNF 
elastic modulus. 
Table 2.4 
Theoretical and experimental determination of VGCNF elastic modulus
Researcher Elastic modulus (GPa) Method Approach 










(1999) 100 – 210 
Modified 
Cox model 
Uchida et al. 
(2006) 
50a Graphite angle 
calculation(100 – 775)b 





pull-out testing Experimental 
Ozkan et al 
(2009) 
(180 ± 60)c 
(245 ± 52)d 
MEMSe 
aSingle layer; bDouble layer; cPyrolytically stripped VGCNFs; d2800 C heat-treated VGCNFs. 









   
 
      
 





Given the difficulty in measuring the properties of individual VGCNFs, 
manufacturers generally measure and record the properties averaged over a large number 
of individual VGCNFs or deduced from composite measurements. Manufacturer’s 
VGCNF data had commonly used instead of individual VGCNF properties. Individual 
fiber property measurements (Ozkan et al, 2009) are not yet quoted in the manufactures’ 
listed properties. The mechanical properties of several types of Pyrograf ®  are 
summarized in Table 2.5. In the table, the designations “AG”, “PS”, “LHT” and “HHT” 
indicate as grown carbon nanofibers, pyrolytically stripped carbon nanofibers, carbon 
nanofibers heat-treated to temperatures of 1500 C, and carbon nanofibers heat-treated to 
temperatures of 3000 C, respectively. 
Table 2.5 
Properties of Pyrograf ®  VGCNFs (Applied Science Inc., 2001b) 
VGCNF Pyrograf ® 
Nanofiber Type PR – 19 PR – 24 




















(%) < 5 < 5 < 5 < 5 < 5 < 5 < 5 < 5 
Diameter 
(nm) 100 ~ 200 60 ~ 150 
Length 
( m) 30 ~ 100 30 ~ 100 
1AG = as grown carbon fiber, 2PS = pyrolytically stripped carbon nanofiber, 3LHT = carbon 
nanofiber heat-treated to temperatures of 1500 C, 4HHT = carbon nanofiber heat-treated to 













2.3. VGCNF/VE Nanocomposite Manufacturing Issues 
Increasing attempts are being made to develop materials and products using 
“bottom-up approaches,” by judicious placement of atoms, molecules, nano-scale 
powders, nanofibers and other small structural components (Nanotechnology, 1999). The
bottom-up approach provides a theoretical framework to design and optimize materials 
with desired properties over a range of length scales. But there is a still considerable 
mismatch between the theoretical material design and physically realizable 
nanocomposites (Chatterjee and Deopura 2002). Small variations in material and 
fabrication parameters can have a profound effect on nanofiber dispersion, interphase 
morphology, and bulk nanocomposite properties. 
2.3.1 VGCNF Dispersion
A homogenous dispersion of nano-reinforcements is an important factor when 
attempting to enhance nanocomposite performance. Due to their irregular and entangled
nature, obtaining a nearly uniform dispersion of VGCNFs at very small length scale is a
key challenge. VGCNF may be “uniformly” distributed within 1cm3 even 100 μm3 
volume elements. However, at smaller volumes entangled fibers, nests, aggregates may 
be present which are mixed with individually distributed and separated fibers. VGCNFs
tend to entangle together during their growth process and to agglomerate during 
nanocomposite fabrication. Many different dispersion techniques have been used in order 
to improve the degree of dispersion in nanocomposites, such as mechanical mixing 








Uniform VGCNF dispersion can be also pursued through the use of a number of 
mechanical mixing techniques which intentionally employ kinetic energy to break up 
VGCNF agglomerates. Mechanical mixing is used to facilitate better and rapid VGCNF 
dispersion, although VGCNFs may be damaged by high-shear forces during the mixing 
process. Figure 2.8 shows SEM images of VGCNF/epoxy nanocomposites prepared both 
by standard mechanical stirring and by high-shear mixing. Figure 2.8a shows poorly 
dispersed VGCNFs in an epoxy resin, where VGCNF entangled agglomerates are clearly 
noticeable. In contrast, Figure 2.8b shows reasonably well dispersed VGCNFs. 
Uniformly well dispersed VGCNFs are crucial to take full advantage of the reinforcement
potential for these fibers in nanocomposites. Nanocomposites with poorly dispersed 
VGCNFs can lead to degradation in material properties due to crack initiation at VGCNF 
agglomerates. Sufficient dispersion of nano-scale reinforcements can contribute to an 
increase the bulk modulus and strength of the nanocomposite. 
Figure 2.8 SEM (400X) images of VGCNF/epoxy nanocomposites: (a) coarse-dispersed 
case with 3 days standard mechanical stirring and (b) well-dispersed case 








Sonication is a somewhat effective means to disperse VGCNFs in an uncured
resin. The dispersion quality of VGCNFs is substantially influenced by the sonication 
time and amplitude. Typically, longer duration and/or higher sonication amplitudes yield
better VGCNF dispersion. However, sonication may damage nano-reinforcements 
resulting in lower aspect ratios. This may lead to nanocomposite property degradation. 
For example, 1 wt% graphite/epoxy nanocomposites sonicated for 30 min yielded an 
elastic modulus of 4.15 GPa, while specimens sonicated for 6 hrs had an elastic modulus 
of 3.6 GPa (Yasmin et al. 2004). This latter value is close to that of the pure epoxy resin 
(3.5 GPa). SEM images of as-received VGCNFs and of VGCNFs sonicated in ethanol for 
2 hrs show that sonication mixing disaggregates VGCNF clusters but they are still not 
free of aggregation and clustering (cf., Figure 2.9). VGCNFs sonicated in ethanol (Figure 
2.9b) are better dispersed than as-received VGCNFs (Figure 2.9a). For better VGCNF 
dispersion, an appropriate sonication procedure (time and amplitude) should be 
considered (Yasmin et al. 2004; Ortona et al. 2008). Sonication alone may be insufficient 
to reach the optimal VGCNF dispersion. Another technique for dispersing VGCNFs is
high-shear mixing, where a rotating impeller or high speed rotor is used in the mixing 
process. High-shear mixing typically results in a more uniform distribution of VGCNF 
lengths due to fiber breakage during mixing. The effect of fiber breakage on bulk 









Figure 2.9 SEM images of (a) as-received VGCNFs at 30000X and (b) VGCNFs 
sonicated in ethanol for 2 hrs at 20000X (Ortona et al. 2008) 
Magnetic stirring is a supplementary mixing method to disperse VGCNFs in the 
suspension of VGCNFs in the liquid resin. The suspension is magnetically stirred on a
heating plate. Since magnetic stirring only generates low shear, it does not efficiently 
disperse VGCNFs, resulting in low a dispersion quality. Hence, magnetic stirring has 
been combined with other mixing techniques, such as sonication and high-shear mixing 
(Xu et al. 2005). Figure 2.10 shows optical micrographs of an uncured 
VGCNF/diglycidyl ether of bisphenol-A (DGEBA) epoxy resin mixture, prepared using 
magnetic stirring only (a), magnetic stirring plus sonication (b), and coupled magnetic 
stirring and sonication/high-shear mixing (c). The magnetic stirring alone (Figure 2.10a) 
showed poor dispersion quality with some agglomerates. Relatively better dispersion was 
observed from the uncured VGCNF/DGEBA mixture prepared by the coupled mixing 
techniques (Figure 2.10b and 2.10c). It has been reported by Yasmin et al. (2004) and 
Prolongo et al. (2008) that the high-shear mixing technique more efficiently disentangles 








Figure 2.10 Optical micrographs (100X) of the uncured VGCNF/diglycidyl ether of 
bisphenol-A (DGEBA) epoxy resin mixtures: (a) magnetic stirring only, (b) 
magnetic stirring plus sonication, and (c) coupled magnetic stirring, 
sonication and high-shear mixing (Prolongo et al. 2008) 
Yasmin et al. (2004) performed tensile testing of 1wt% graphite 
nanosheet/DGEBA nanocomposites. Figure 2.11a shows the stress-strain response of
nanocomposites fabricated using different mixing techniques: direct mixing, sonication, 
high-shear mixing, and coupled sonication/high-shear mixing. The pure epoxy resin had a 
higher strain at failure in comparison with the more brittle nanocomposites. The 1wt% 
graphite nanosheet/DGEBA nanocomposites preparing using coupled sonication/high-
shear mixing were relatively ductile, while nanocomposites prepared using direct mixing 
were the most brittle. Figure 2.11b shows the variation in the elastic modulus of these 
1wt% graphite/DGEBA nanocomposites. The baseline elastic modulus of pure epoxy 
resin was 3.5 GPa. Direct mixing leads to only ~ 4% improvement in elastic modulus 
while sonication, high-shear mixing, and coupled sonication/high-shear mixing yield 7%, 
14%, and 15% enhancement in elastic modulus, respectively. Coupled sonication/high-
shear mixing led to the greatest improvement in elastic modulus with the least 









Figure 2.11 Comparison of mechanical behavior of 1wt% graphite/DGEBA 
nanocomposites fabricated with different mixing techniques: (a) stress-strain 
response and (b) elastic modulus (modified from Yasmin et al. 2004) 
VGCNF dispersion can be substantially improved in the presence of 
dispersants/surfactants since they decrease the interfacial surface tension and surface 
energy at the VGCNFs/polymer matrix interface. The viscosity of a polymer matrix also
influences the VGCNF dispersion quality. In particular, the blend’s viscosity increases 
dramatically with increasing VGCNF weight fraction. Controlling the viscosity of the 
reinforcement/resin blend plays an important role in improving VGCNF/polymer
nanocomposites through enhanced VGCNF dispersion (Johnson and Saltysiak, 2002). 
When mixed between two moving surfaces, higher blend viscosities can increase the 
magnitude of the shear forces acting on the entangled fibers, aiding their separation. The 
addition of a dispersant is a supplementary method for VGCNF dispersion. Apparently, 
mechanically mixing (stirring, sonication, and high-shear mixing) in combination with 
chemical additives addition can improve VGCNF dispersion (Mordkovich, 2003; Tang et 










2.3.2 VGCNF Interface/Interphase Effect
In polymer nanocomposites, the thickness and properties of the interphase 
between matrix and VGCNF may be affected by adding coupling agents that lead to 
better bonding between VGCNFs and polymer resin. VGCNFs cause the local stress and 
strain fields to fluctuate greatly within the nanocomposite (Lawrence et al. 2008). In 
addition, as-produced nanocomposites may have a number of internal defects such as
agglomerates, voids, and cracks. VGCNF wetting may be difficult due to high nanofiber 
aspect ratios and VGCNF agglomerations (Tibbetts, 2001). 
Good interfacial bonding and interfacial reactivity between VGCNFs and a 
polymer matrix is one key factor in producing enhanced nanocomposite mechanical 
properties. Defects, including micro-sized voids and cracks, can typically form at the 
weak interfaces between the VGCNFs and the polymer matrix. Li (1998) noted that any
defect at the nanofiber interface may result in poor mechanical properties because micro-
stress cracks mostly initiate at the interface. The study of interfaces/interphases is an 
emerging research topic in high performance material development. Without fully 
understanding the load transfer mechanism at the nanofiber interface, accurate prediction
of nanocomposite properties cannot be achieved. For example, when VGCNFs and the 
matrix are perfectly bonded, the interface region is strong enough to transfer load, leading 
to superior nanocomposite performance. In contrast, poor interfacial bonding between the 
VGCNFs and the matrix may result in poor load transfer, causing low nanocomposite 









VGCNF functionalization enhances the physical and mechanical properties of 
nanocomposites by promoting chemical reactivity at interface (Li, 1998; Lozano and 
Barrera, 2001; Chatterjee and Deopura, 2002; Johnson and Saltysiak, 2002; Octavio et al. 
2006). The formation of surface carboxylic acid groups and VGCNF surface fluorination
also increase bonding quality between VGCNFs and an epoxy resin (Li, 1998). Peroxide 
surface treatment produces better tensile properties in VGCNF/polystyrene (PS) 
nanocomposites (Octavio et al. 2006). A 0.5 wt% functionalized VGCNF reinforced 
nanocomposite performed better than unfunctionalized (pristine) VGCNF reinforced 
nanocomposites at the same VGCNF loading. This can be explained by noting 
functionalized VGCNFs are more easily dispersed than pristine (unmodified) VGCNFs. 
Shi et al. (2003) performed an interface structure analysis between VGCNFs and 
polystyrene for nanocomposites prepared using both plasma-coated and pristine VGCNFs. 
The interphase structure was viewed using high-resolution TEM, as shown in Figure 
2.12. Plasma-coated VGCNFs clearly developed an interfacial coating layer (interphase) 
that provided better interfacial bonding than nanocomposites prepared using pristine 
VGCNFs. Better interfacial bonding contributed to an increase in nanocomposite tensile 
strength and elastic modulus (Shi et al. 2003). Figure 2.13 illustrates that the overall 
nanocomposite tensile strength and elastic modulus was greater for nanocomposites 
prepared using plasma-coated VGCNFs than for those using uncoated VGCNFs (From 
Shi et al. 2003). 
As an aside, Gou et al. (2007) performed molecular dynamic simulations to 










fiber resin interaction information. Experiments necessary to validate such simulations 
(i.e., nanofiber pull-out tests) remain to be fully developed. 
Figure 2.12 High-resolution TEM images of (a) surface functionalized VGCNF and (b) 
pristine (unmodified) VGCNF in polystyrene matrix (Shi et al. 2003) 
Figure 2.13 VGCNF/polystyrene nanocomposite properties for specimens prepared 
using of surface plasma-treated (coated) and uncoated (pristine) VGCNFs 










2.3.3 VGCNF Alignment 
VGCNF alignment is important for engineering applications. In particular, 
nanocomposite mechanical properties are greater for nanocomposites containing aligned 
VGCNFs (along the alignment axis) than for those containing randomly oriented 
VGCNFs. The lack of control of VGCNF alignment will significantly decrease the 
reinforcement efficiency. 
VGCNFs can be aligned in a magnetic field due to the presence of the metallic 
catalysts (i.e., Ni, Co, Fe). Nanoparticles still bound to the fibers. Mahfuz et al. (2009) 
investigated the compressive properties of VGCNF/epoxy nanocomposites cured under a
high (28 Tesla) magnetic field. The strengths and moduli of nanocomposites cured under 
a high magnetic field showed strength and modulus enhancements of 40% and 55%, 
respectively, compared to neat epoxy resin. Nanocomposites cured without applying a
magnetic field yielded a 17% improvement in strength and 50% enhancement in modulus. 
Kumar et al. (2002) performed tensile and compressive testing of 5 wt% 
VGCNF/polypropylene nanocomposites spun through a die using a conventional melting 
spinning technique. Melt spinning and drawing causes VGCNFs to align along the fiber 
axes. The tensile strength, tensile modulus, and compressive strength of nanocomposites 













RESPONSE SURFACE CHARACTERIZATION OF THE FLEXURAL BEHAVIOR 
OF VAPOR-GROWN CARBON NANOFIBER/VINYL ESTER 
NANOCOMPOSITES
A series of flexural tests were performed in accordance with ASTM standard
D6272 (ASTM, 2002a) to investigate the effect of VGCNF type, use of dispersing agent 
(DA), mixing method, and VGCNF loading on the flexural moduli and strengths of 
VGCNF/VE nanocomposites. A design of experiments (DOE) approach was used to 
develop statistically reliable response surface models in order to isolate the coupled 
effects of material/fabrication parameters on nanocomposite flexural moduli and 
strengths.
3.1 VGCNF/VE Nanocomposite Fabrication 
3.1.1 Materials 
An infusion class VE resin (Derakane 441-400) was selected along with 
unoxidized (24-XT-LHT) and oxidized (PR-24-XT-LHT-OX) VGCNFs. A chemical
promoter (Cobalt naphthenate 6% in styrene), two air release additives (BYK-
A515/BYK-A555), and a dispersant (BYK-9076) were also chosen. A brief description 













DERAKANE 441–400 (from Ashland Chemical Co.) is a commercially available 
VE resin diluted with 33% styrene by weight. It is possible to add more styrene to the as-
received resin. Varying the styrene content impacts the crosslink density within the cured
resin and is commonly used to tailor VE resin properties. In general, a lower styrene
concentration promotes higher viscosity and lower workability of a VE resin (Li, 1998). 
Typically, higher concentrations of styrene are used in infusion applications to facilitate 
processing (e.g., lower viscosity) in spite of increased volatile emissions. 
Two distinct VGCNFs (from Applied Science Inc.) were selected as nano-
reinforcements in this study: unmodified (pristine) VGCNFs (PR-24-XT-LHT) and 
surface oxidized VGCNFs (PR-24-XT-LHT-OX). 
A 6% solution of cobalt naphthenate in styrene (from North American
Composites) was selected to promote the curing reaction of VGCNF/VE nanocomposites. 
A promoter/accelerator accelerates curing of the resin by catalyzing the cleavage the 
“O – O bonds” in peroxides, resulting in a reduced gel time (Sheppard, 1986). The 
promoter was blended with the uncured VE mixture to promote polymerization of VE 
monomers.  
BYK-A515 and BYK-A555 (both from BYK Additives & Instruments) were 
selected as air release agents in this study to minimize the nanocomposite void content. In 
general, entrapped voids can significantly degrade nanocomposite strength. Dual air 
release agents were used for eliminating air bubbles, therefore minimizing microscale-
void formation inside the VGCNF/polymer nanocomposites. In this study, a combination 









BYK-9076 (from BYK Additives & Instruments) was selected as the DA to 
facilitate uniform distribution of VGCNFs in the resin and to decrease the viscosity of the 
VE resin. Nanocomposite mechanical properties are markedly affected by the degree of 
VGCNF dispersion. The amounts of DA added can be varied with reinforcement sizes 
and types (BYK Additives & Instruments, 2009). Here, the amount of DA added was 
held proportional to the amounts of VGCNFs using a 1:1 weight ratio. For instance, 
0.50 phr of DA was added to uncured VGCNF/VE nanocomposites containing 0.50 phr 
VGCNFs.
MEKP (from U.S. Composites Inc.) was selected as an initiator to “harden” 
(crosslink) the VE resin. The colorless flammable catalyst initiates a rapid curing reaction 
at ambient temperature (Li, 1998; Kulshreshtha and Vasile, 2002). MEKP requires very 
careful handling since it can cause severe skin irritation at high concentrations 
(Kulshreshtha and Vasile, 2002). 
3.1.2 Fabrication Procedure 
Forty-eight unique VGCNF/VE nanocomposite compositions, based on a 
combination of four different material and fabrication parameters (i.e., VGCNF type, use 
of DA, mixing method, and VGCNF loading), were fabricated as part of an initial 
screening study (see Table 3.1). The fabrication of test samples was identical to that used 
by Nouranian et al. (2009a, 2009b, 2010). See Figure 3.1 for a flowchart of the 
fabrication procedure. The fabrication of neat VE resin specimens required for obtaining 






    
Table 3.1 
Material/fabrication parameters of VGCNF/VE nanocomposites 
Material/processing Option 
Configurations







0.25 0.50 0.75 1.00 4 
Use of DA2 Yes No 2 




(2 4 2 3) 
1phr = parts per hundred resin. 
2DA = Dispersing agent; 3SO = Sonication; 4HS = High-shear mixing; 5Coupled HS/SO mixing. 
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Figure 3.1 Fabrication procedures for VGCNF/VE nanocomposites for standard flexure, 








3.2 VGCNF/VE Nanocomposite Flexural Testing 
Quasi-static four-point flexural testing of VGCNF/VE nanocomposite specimens
was performed as detailed in ASTM D6272 (ASTM, 2002a). Two tests for each 
nanocomposite material/fabrication configuration were conducted using an INSTRON 
5869 electromechanical material testing machine with a 5 kN load cell. A series of neat 
VE resin specimens were also tested to obtain baseline properties. The experimental set-
up for four-point flexural testing is shown in Figure 3.2. 
Figure 3.2 Four-point flexural test experimental set-up with a nanocomposite specimen 
present 
Figure 3.3 shows a schematic of a typical test specimen (i.e., support span L, 
loading point P, thickness d, width b). A standard support span-to-width ratio of 14:1 was 






    
    
 
    
 
increasing shear stress effects) typically leads to a decrease in flexural modulus and an 
increase in flexural strength based upon classical beam theory. 
Figure 3.3 Test and specimen geometry for four-point flexural testing 
The bulk flexural modulus and flexural strength for a four-point flexural 
specimen with a support span to load span ratio of 2:1 can be determined by 
3PLS  (3.1)
4bd 2 
mL3 E  (3.2)
8bd 3 
where S is the flexural strength, E is the flexural modulus. P, L, b, d, and m represent the
failure load, support span, specimen width, specimen thickness, and slope of the 
load – deflection curve, respectively. 
As an aside, flexure specimens with rectangular cross-sections were prepared 
using a set of open molds. One side of each specimen was exposed to air during the 
curing process. Oxygen from the air is a radical chain terminator. Hence, oxygen 






a thin top layer with a lower modulus than that of the remainder of the specimen. In order 
to minimize the influence of possible gradations in material properties on measured 
experimental results, flexural tests were performed with the mold side of successive 
specimens loaded alternately in tension and compression. In order to determine the
nominal thickness d and width b, each specimen was measured at a minimum of ten 
separate locations to determine the nominal dimensions. In addition, the top, bottom, and 
lateral surfaces of each specimen were manually polished using a rotating polishing
wheel. This should reduce the influence of oxygen diffusion on measured specimen 
properties. The nominal specimen dimensions of VGCNF/VE nanocomposites prepared 
using sonication, high-shear mixing, and coupled (high-shear/sonication) mixing are 
included in Appendix A. 
One concern during flexural testing is that the precise support span contact 
locations can shift slightly during testing due to specimen bending, resulting in 
potentially inaccurate strain measurements due to variable contact locations. Mujika 
(2005) noted that the effect of variable contact locations is more significant in four-point 
flexural testing than in three-point flexural testing due to an increase in the number of 
contact points. He performed flexural modulus calculations with a rotation angle 
correction based on classical beam theory without considering shear effects and 
consequently obtained relatively small differences (1%) in flexural moduli between four-
point and three-point flexural tests. In this work, the flexural modulus correction 
proposed by Mujika (2006) was used to minimize possible experimental errors due to 
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3.3 VGCNF/VE Nanocomposite Response Surface Characterization 
3.3.1 Response Surface Model Development 
Statistical response surface methodologies are used to establish clear cause-effect 
relationships between independent variables (i.e., nanocomposite material/fabrication 
parameters) and an experimentally measured dependent variable of interest (i.e., flexural 
modulus and strength). In this work, response surface models (RSMs) were developed to
identify the effect of material/fabrication parameters on nanocomposite flexural modulus 
and strength. RSMs were developed to provide the individual and coupled interactive 
effects of independent variables (VGCNF type, use of DA, mixing method, and VGCNF 
loading) on relevant dependent variables (flexural modulus and strength). RSMs may be
used to increase the statistical accuracy of predictive models and to assess experimental 
variability. An overview of RSMs is included in the following discussion. 
Consider a nonlinear regression model that defines the relationship between a 
dependent variable, X, and a family of independent variables, xi (i = 1…a). A quadratic 
regression model has the general form, 
a a b 
X 0  xi ijx x  (3.3)i i j 
i1 i1 j1 
where X is the dependent variable (i.e., flexural modulus or strength). xi are independent 
variables (i.e., VGCNF type, use of DA, mixing method, and VGCNF loading) and xixj 
indicates interaction terms between xi and xj. 0, i, and ij are unknown regression 
parameters that can be estimated by using the least squares method (Montgomery, 1991; 
Myers and Montgomery, 1995). a and b denote the number of independent variables for
37 







xi and xj, and is the random statistical error that defines the difference between the 
regression model and true response. 
Cubic and higher order polynomial equations may be used to decrease the 
random error ( ) by improving the fit of the regression model to the measured response. 
However, a higher order polynomial regression model can generate more complex 
interaction terms that increase the number of regression coefficients. For example, a 
cubic regression model expressed in terms of independent variables, xi, has the general 
form,
a a b a b 
2 2 3 3X   0  i xi  ii xi  jj x j  iii xi  jjj x j 
i 1 i1 j 1 i1 j 1 
(3.4)
a b a a b a b b 
2 2 ij xi x j  iij xi x j  ijj xi x j  
i 1 j 1 i1 i1 j 1 i1 j 1 j 1 
In this work, RSMs were developed for predicting VGCNF/VE nanocomposite 
flexural modulus and strength using the statistical DOE software package Design-Expert 
(Stat-Ease Inc., 2009). The effect of material/processing parameters on VGCNF/VE
nanocomposite flexural strength and modulus was investigated using a general full 
factorial design of experiments where each independent variable can have a different 
number of levels. Here the variable s can be either categoric (discrete) factors or 
continuous factors. 
Table 3.2 includes a list of independent variables and corresponding actual/coded 
levels used in a general full factorial design for predicting flexural properties of 
VGCNF/VE nanocomposites. The independent variables consist of three categoric factors 
(A: VGCNF type; B: use of DA; and C: mixing type) and one continuous factor (D: 











strength, the discrete levels of categoric factors (i.e., A, B, and C) must be converted to 
corresponding coded levels. Typically coded levels with normalized values of -1 (low
level), 0 (middle level), and +1 (high level) are used (Stat-Ease Inc., 2009). The 
conversion procedures for expressing categoric factors (A, B, and C) with discrete levels
in coded form are detailed in Stat-Ease Inc. (2009). RSMs for nanocomposite flexural 
modulus and strength were developed that included all significant interactions among 
independent variables (i.e., AB, AC, ABC, etc.). Note that once the levels of the nominal 
categoric factors are specified, the resulting RSM becomes a continuous function of one 
factor (D: VGCNF loading). 
Table 3.2 
Independent variables and corresponding levels for a general full factorial design of 
VGCNF/VE nanocomposite flexural specimens 

















{1} - - -






{-1, -1} - -
D VGCNFLoading 0.00 0.25 0.50 0.75 1.00 
Numeric 
(Continuous) 




3.3.2 Statistical Analysis of VGCNF/VE Nanocomposite Flexural Response 
A series of flexural tests of neat VE resin specimens were performed to obtain 
baseline properties, prior to the investigation of VGCNF/VE nanocomposite flexural 
behavior. A minimum of seven repeat tests were conducted at a specified constant 
crosshead rate in accordance with ASTM D6272. The nominal specimen dimensions and 
specimen flexural properties (modulus and strength) are summarized in Table 3.3. The 
average flexural modulus and strength from all of the tests are included in the table. 
Specimens #1 and #6 were excluded from the calculation of average properties (i.e., 
flexural modulus and strength) due to either relatively low flexural modulus or flexural 
strength. The neat VE resin specimens had a nominal flexural modulus of 3.16 GPa and 
flexural strength of 74.86 MPa, respectively. The measured flexural moduli were fairly 
consistent with a relatively small (~3%) coefficient of variation (C.O.V). Note that the 
flexural modulus is a bulk material property that is not significantly dependent on the 
local distribution of defects. In contrast, a large variation (~31% C.O.V) in flexural 
strength was observed for neat VE resin specimens. This makes sense since the strength 
of a given specimen will be highly dependent on flaws induced in the fabrication and 
polishing process. The large variations in observed failure loads and maximum 








































#1 3.06 12.78 1.97 192.68 4.38 3.26 72.48 
#2 3.08 12.78 1.95 247.18 5.33 3.24 91.75 
#3 3.03 12.79 1.98 289.45 8.21 3.08 110.92 
#4 2.60 12.80 2.31 134.73 5.65 3.15 70.07 
#52 3.12 12.49 1.93 93.13 1.92 3.18 -
#6 3.25 12.83 1.85 176.76 2.86 3.18 58.65 
#7 3.14 12.84 1.92 126.90 2.19 3.04 45.26 
Avg. 3.03 12.80 2.00 194.62 4.77 3.16 74.86 
C.O.V 7.37% 0.20% 8.04% 32.70% 45.33% 2.75% 31.35% 
1Initial cure at 60 oC for 5hrs and post-cure at 120 oC for 2hrs. 
2Excluded from average due to relatively low flexural modulus or strength. 
In this study, a total of 48 different VGCNF/VE nanocomposite configurations 
were considered to investigate the effect of four different material/fabrication parameters 
(VGCNF type, use of DA, mixing method, and VGCNF loading) on nanocomposite 
flexural modulus and strength. Two tests for each nanocomposite material/fabrication 
configuration were conducted. 
Nanocomposite specimen dimensions and their respective flexural modulus and 






was obtained for the nanocomposite containing 0.75 phr oxidized VGCNFs fabricated 
using sonication with DA, while a minimum flexural modulus of 3.16 GPa was obtained 
for the neat VE resin. In contrast, a maximum flexural strength of 117.20 MPa was 
obtained for a nanocomposite containing 0.75 phr pristine VGCNFs fabricated using 
coupled mixing without DA, while a minimal flexural strength of 31.21 MPa was 
obtained for a nanocomposite containing 0.50 phr oxidized VGCNFs prepared using 
sonication mixing without DA. 
The contribution of independent variable (A: VGCNF type, B: use of DA, C: 
mixing method, and D: VGCNF loading) to nanocomposite flexural modulus and 
strength was investigated using the Design-Expert (Stat-Ease Inc., 2009) statistical 
software package. Two discrete levels were chosen for VGCNF type (pristine, oxidized) 
and use of DA (Yes/No); three discrete levels were selected for the mixing method 
(sonication, high-shear, and coupled mixing); and five levels of VGCNF loading (0.00, 
0.25, 0.50, 0.75, and 1.00 phr) were employed. The design used 60 nanocomposite 
material/fabrication configurations (cf., Table 3.2) to develop response surface models, 
where two samples were tested for each configuration. All runs (2×2×3×5×2=120) were 
performed in random order. Ninety-six (2×2×3×4×2=96) runs involved nanocomposite 
specimens with the remaining 24 (dummy) runs corresponding to the neat resin (0.00 phr
VGCNF). It is obvious that 0.00 phr VGCNF/VE nanocomposites have an identical 
composition to the neat VE resin. 
Table 3.4 includes a summary of statistical data for nanocomposite flexural 
modulus and strength. In this table, the ratio of the maximum observed value (flexural 








polynomial RSM is appropriate, or whether a model transformation is required (square
root, inverse, power, etc.). Design-Expert suggests that a transformation is not usually 
required for a response with a ratio of less than three, but is necessary for a response with 
a ratio of greater than ten. A transformation may also lead to a better fit if the ratio of the 
responses is bounded between three and ten. 
Table 3.4 
Statistical data for flexural modulus and strength 
Response Unit Min. Max. Mean Standard Deviation Ratio
1 
Flexural 
Modulus GPa 3.148 4.144 3.465 0.239 1.316 
Flexural 
Strength MPa 27.666 130.644 75.953 21.058 4.722 
1Ratio (of Max. to Min.) less than three usually needs a response transformation. 
Since the ratio of observed values for the flexural modulus was less than three, 
no model transformation was employed. However, it was desirable to transform the form 
of the RSM for flexural strength since the ratio was slightly greater than three. Table 3.5 
includes a summary of the prediction model statistics for flexural strength data. 
Transformed flexural strength data using a base 10 logarithm (which is the most 
commonly used data transformation) exhibited relatively larger adjusted R-Squared and 
predicted R-Squared values than those of untransformed flexural data. In this table, the 
adequate prediction statistic (a measure of signal to noise in the data) may be used to 













error. Ratios greater than four indicate adequate model discrimination (Stat-Ease Inc., 
2009). A relatively high adequate prediction statistic of 8.930 was obtained from log-
base-10 transformed flexural strength data (note that untransformed flexural strength data
yielded an adequate prediction statistic of 8.118). Hence, a log-base-10 transformation 
was implemented for flexural strength data. 
Table 3.5 










Untransformed 75.95 22.54 0.4221 0.3388 0.2523 8.118 
Transformed 72.44 5.95 0.4181 0.3405 0.2612 8.930 
1Amount of variation in new data explained by the prediction model. 
2Prediction of sum of square. 
3The range of the predicted values at the design point to the average prediction error. A value 
greater than 4 is preferred (Stat-Ease Inc., 2009). 
Note: Flexural strength data were transformed using a base 10 logarithm.
Several different polynomial models (linear, quadratic, cubic, etc.) were 
compared in order to develop better predictive RSMs for flexural modulus and strength. 
A best-fit polynomial was determined based on maximizing the “adjusted R-Squared” 
and the “predicted R-Squared” values. The former represents the amount of variation that
can be explained by the prediction model, and the predicted R-Squared value indicates 
the amount of variation in new data explained by the prediction model (Stat-Ease Inc., 











   
candidate polynomial. In contrast, a quartic polynomial was initially selected to fit the 
flexural strength data. 
Table 3.6 
A summary of initial polynomial fits for VGCNF/VE nanocomposite flexural modulus 
and flexural strength 
Model Summary Statistics 












Linear 0.184 0.435 0.410 0.374 
Quadratic 0.158 0.620 0.566 0.501 
Cubic 0.141 0.733 0.654 0.562










Linear 0.119 0.276 0.244 0.201 
Quadratic 0.115 0.376 0.286 0.191 
Cubic 0.112 0.475 0.321 0.171 
Quartic 0.108 0.581 0.376 0.154
1Square of the correlation coefficient between measured and predicted data. A value of close to 1 
indicates excellent reliability.
2Amount of variation that can be explained by the prediction model. 
3Amount of variation in new data explained by the prediction model. 
Note: The underlining polynomials are suggested to fit the responses due to maximum
Adjusted R-Squared and Predicted R-Squared values (Stat-Ease Inc., 2009)








Maximizing both the adjusted R-Squared and the predicted R-Squared values can 
produce accurate polynomials for predicting the desired responses. In order to maximize
those values, a backward elimination technique was implemented (Stat-Ease Inc., 2009). 
This technique typically increases both the adjusted and the predicted R-Squared values
by sequentially adding or removing independent variables (A, B, C, and D) and their 
relevant interactions (i.e., AB, ABC, etc.) whose effects are statistically insignificant. A 
pair of reduced quadratic polynomials obtained by the backward elimination technique 
was chosen to be the best-fit polynomials for both flexural modulus and strength. The 
resulting analysis of variance (ANOVA) for the reduced polynomial RSMs for flexural 
modulus and strength are included in Tables 3.7 and 3.8, respectively. 
In these tables, the contribution of each material/fabrication parameter (A: 
VGCNF type, B: use of DA, C: mixing method, and D: VGCNF loading) to 
nanocomposite flexural modulus and strength can be evaluated based on two parameters: 
the F-statistic and P-statistic. The F-value (test statistic) and P-value are the probability 
values that can determine whether the independent variables and their interactions are 
significant (Myers and Montgomery, 1995). For instance, if the F-value is close to unity, 
it is less likely that those factors (A, AB, ABC, D2, etc.) have a significant effect on the 
response of interest. Similarly, if the P-value is less than 0.05, those terms have a
considerable effect on the corresponding predicted flexural modulus and strength. The 

















Analysis of variance (ANOVA) tables for the reduced polynomials for flexural modulus 















Model 4.806 17 0.283 14.356 < 0.0001 
A:
VGCNF Type 0.202  1 0.202 10.244 0.0018
B: 
Use of DA 0.071 1 0.071 3.594 0.0608 
C:
Mixing Method 0.751  2 0.375 19.063 < 0.0001
D:
VGCNF Loading 1.940  1 1.940 98.532 < 0.0001
AB 0.000 1 0.000 0.000 0.9907 
AC 0.019 2 0.010 0.492 0.6127 
BC 0.153  2 0.076 3.881 0.0238
CD 0.091 2 0.045 2.303 0.1052 
D2 0.963  1 0.963 48.889 < 0.0001
ABC 0.316  2 0.158 8.033 0.0006
CD2 0.300  2 0.150 7.622 0.0008
Lack of Fit 0.981 42 0.023 1.365 0.1331 
Pure Error 1.027 60 0.017 
COR Total2 6.814 119 
1The effect of this factor on response is significant at the 0.05 or less significant level. Hence, the 
underlying factors (A, C, D, BC, D2, ABC, and CD2) strongly influence to predict flexural 
modulus 
2Sum of squares total corrected for the mean 
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Analysis of variance (ANOVA) tables for the reduced polynomials for flexural strength 















Model 0.926 14 0.066 5.388 < 0.0001 
A: 
VGCNF Type 0.038 1 0.038 3.114 0.0805 
B: 
Use of DA 0.024 1 0.024 1.992 0.1611 
C: 
Mixing Method 0.546 2 0.273 22.232 < 0.0001 
D: 
VGCNF Loading 0.002 1 0.002 0.180 0.6724 
AB 0.076 1 0.076 6.228 0.0141 
BC 0.058 2 0.029 2.380 0.0975 
BD 0.045 1 0.045 3.680 0.0578 
CD 0.007 2 0.004 0.304 0.7385 
D2 0.015 1 0.015 1.201 0.2755 
CD2 0.113  2 0.057 4.602 0.0121 
Lack of Fit 0.705 45 0.016 1.606 0.0432 
Pure Error 0.585 60 0.010 
COR Total2 2.216 119 
1The effect of this factor on response is significant at the 0.05 or less significant level. Hence, the 
underlying factors (C, AB, and CD2) strongly influence to predict flexural strength. 
2Sum of squares total corrected for the mean 














From the Tables 3.7 and 3.8, VGCNF type (A), mixing method (C), VGCNF 
loading (D), and their interactions (BC, D2, ABC, and CD2) appeared to be significant 
factors influencing the flexural modulus, while the mixing method (C) and interactions
(AB and CD2) were found to be significant factors for flexural strength. The final RSMs 
for nanocomposite flexural modulus, E, and flexural strength, S, were developed in terms
of coded factors (cf., Table 3.2) and expressed as 
E  3.572 0.041  A  0.024  B 0.132 C[1] 0.050 C[2] 
 0.180  D  2.25 10-4   AB 0.007  AC[1] 0.011  AC[2] 
 0.046  BC[1] 0.004 BC[2] 0.024 C[1]D 0.055 C[2]D (3.5) 
 0.214  D2  0.050  ABC[1] 0.020  ABC[2] 0.152 C[1]D2 
 0.012 C[2]D2 
log S  1.848  0.018  A  0.014  B  0.140  C[1] 0.101  C[2]
10 
 0.006  D  0.025  AB  0.022  BC[1] 0.008  BC[2]
 (3.6)
 0.027  BD  0.009  C[1]D  0.007  C[2]D  0.027  D2 
 0.091  C[1]D2  0.089  C[2]D2 
where A, B, C, and D represent coded levels of independent regressors (A: VGCNF type,
B: Use of DA, C: Mixing method, and D: VGCNF loading, respectively). For instance, 
C[1] and C[2] for high-shear mixing are 0 and 1 while those of coupled mixing are -1 and 
-1, respectively. 
Table 3.9 contains the final RSMs for flexural modulus and strength as a 
continuous function of VGCNF loading (D), where categorical variables (A: VGCNF 
type, B: use of DA, C: mixing method) are held fixed. The contributions of each
material/fabrication parameter (independent variable) to VGCNF/VE nanocomposite 




  	 
  
  	 
  























Final RSMs for flexural modulus and (log-base-10 transformed) flexural strength in 
terms of actual values as a function of VGCNF loading D
Nanocomposite 
Configuration Flexural Modulus (GPa) Flexural Strength (MPa) 
PR1 – DA2 – SO3 2E  3.254 1.777  D 1.465  D 2log S  1.829  0.419   D  0.469  D10 
PR – DA – HS4 2E  3.174 1.276  D  0.807  D 2log S  1.874  0.303  D  0.250   D10 
PR – DA – CO5 2E  3.056  0.595  D  0.297  D 2log S  1.840  0.001  D  0.099   D10 
PR – No DA – SO 2E  3.015 1.777  D 1.465  D 2log S  1.862  0.529   D  0.469  D10 
PR – No DA – HS 2E  3.092 1.276  D  0.807  D 2log S  1.935  0.193  D  0.250   D10 
PR – No DA – CO 2E  3.232  0.595  D  0.297  D 2log S  1.977  0.111  D  0.099   D10 
OX6 – DA – SO 2E  3.250 1.777  D 1.465  D 2log S  1.844  0.419   D  0.469  D10 
OX – DA – HS 2E  3.237 1.276  D  0.807  D 2log S  1.889  0.303  D  0.250   D10 
OX – DA – CO 2E  3.243  0.595  D  0.297  D 2log S  1.855  0.001  D  0.099  D10 
OX – No DA – SO 2E  3.210 1.777  D 1.465  D 2log S  1.775  0.529  D  0.469  D10 
OX – No DA – HS 2E  3.237 1.276  D  0.807  D 2log S  1.849  0.193  D  0.250   D10 
OX – No DA – CO 2E  3.137  0.595  D  0.297  D 2log S  1.891  0.111  D  0.099   D10 
1PR = Pristine VGCNF; 2DA = Dispersing Agent; 3SO = Sonication; 4HS = High-shear mixing; 







3.3.2.1 Effect of Mixing Method 
Well dispersed VGCNFs are associated with an improvement in both modulus 
and strength, particularly when VGCNF agglomerates are minimized. In addition, 
oxidized VGCNF reinforced nanocomposites may exhibit better mechanical properties 
(modulus and strength) than those of pristine VGCNF reinforced nanocomposites 
because the chemical interactions between oxidized VGCNFs and the VE polymer resin 
may lead to enhanced fiber/matrix adhesion (hence superior mechanical properties). The
VE/styrene matrix has some polarity but it is unclear if the interfacial shear strength of 
oxidized VGCNFs is greater than that of unoxidized (pristine) VGCNFs. It is possible 
that oxidized VGCNFs are simply dispersed better than pristine VGCNFs at a given level 
of mixing. In addition, the use of a DA may better disperse VGCNFs and minimize
agglomerates, resulting in an increase in modulus and strength. For these reasons, 
nanocomposites containing oxidized VGCNFs and DA were initially selected to illustrate 
the effect of mixing on nanocomposite flexural modulus and strength. 
Figure 3.4 contains response surface plots of the predicted flexural modulus and 
strength for oxidized VGCNF reinforced VGCNF/VE nanocomposites. These plots were 
for VGCNF/VE nanocomposites prepared using sonication, high-shear mixing, and 
coupled mixing, where a DA was employed. In this figure, the predicted nanocomposite 
flexural modulus and strength were normalized by those of the neat VE resin (i.e., 
flexural modulus and strength of 3.16 GPa, 74.86 MPa, respectively). 
In general, the predicted nanocomposite flexural modulus increased with 
increasing amounts of VGCNFs up until a local maximum (cf., Figure 3.4a). Further 






Nanocomposites prepared using sonication resulted in the greatest improvement in
predicted modulus. The flexural modulus of nanocomposites prepared using sonication 
increased with increasing amounts of VGCNFs to a maximum normalized value of 1.20 
at 0.60 phr, before decreasing to a normalized flexural modulus of 1.13 at 1.00 phr 
VGCNF loading. Similarly, nanocomposites prepared using high-shear mixing exhibited 
an increase in normalized modulus up to a maximum value of 1.19 at 0.75 phr VGCNF 
loading, before decreasing to a value of 1.17 at 1.00 phr VGCNF loading. The decrease 
in predicted moduli for nanocomposites prepared using sonication and high-shear mixing 
at high VGCNF loadings may be attributable to a decrease in the relative dispersion of 
VGCNFs. While the predicted modulus for nanocomposites prepared using coupled 
mixing increased over the range of VGCNF loadings considered, the maximum 
normalized modulus (1.12) fell somewhat below that of the other two mixing types. 
Figure 3.4 Flexural properties of oxidized VGCNF reinforced nanocomposites in the 
presence of dispersing agent (DA) prepared using sonication (SO), high-
shear mixing (HS), and coupled (HS/SO) mixing: (a) flexural modulus, and 
(b) flexural strength, where nanocomposite flexural properties were 






While the predicted flexural modulus tended to initially increase with increasing 
amounts of oxidized VGCNFs for all three mixing methods, the predicted nanocomposite 
flexural strength was highly sensitive to the mixing method (cf., Figure 3.4b). For 
example, the predicted flexural strengths for nanocomposites prepared using sonication 
fell below that of the neat VE resin except for VGCNF loadings approaching 1.00 phr. 
The decrease in predicted strength may be attributable to local stress concentrations due 
to VGCNF agglomerates. The normalized flexural strengths of sonicated nanocomposites 
decreased with increasing VGCNF loading to a minimum value of 0.75 at 0.45 phr
VGCNFs, before increasing to a maximum value of 1.05 at 1.00 phr of oxidized 
VGCNFs. In contrast, the predicted strengths for nanocomposites prepared using high-
shear mixing increased with increasing VGCNF loading to a maximum normalized value 
of 1.28 at 0.60 phr VGCNFs, before decreasing to a value of 1.17 at 1.00 phr VGCNFs. 
Again, the relative decrease in predicted strengths at higher VGCNF loadings is most
likely associated with nanofiber agglomerations and/or poorer dispersion of VGCNFs. 
These agglomerates have been readily observed in SEMs of the fracture surfaces. Their 
sizes and number density are larger at higher fiber loading and poorer mixing, and lower 
with rigorous mixing at a given fiber loading level. Similar to nanocomposites prepared 
using sonication, the predicted strength for specimens prepared using coupled mixing 
initially fell below those of the neat VE resin, before reaching a maximum value of 1.20 
at 1.00 phr VGCNFs. 
The predicted results shown in Figure 3.4 are also typical for nanocomposites 
prepared without a DA, as well as for nanocomposites containing pristine VGCNFs. In 







comparable improvements in predicted flexural moduli that exceeded those for specimens 
prepared using coupled mixing. Similarly, the predicted flexural strengths for specimens 
prepared using high-shear mixing were significantly larger than for those specimens 
prepared using the other mixing techniques. 
Recall that Xu et al. (2005) noted that sonication may result in serious damage to 
VGCNFs as well as significant VGCNF shortening (breakage). Koo (2006) noted that 
high-shear mixing may result in a more uniform dispersion of VGCNFs. In this work, 
high-shear mixing appeared to be the most effective mixing method to improve both 
flexural moduli and strengths. 
3.3.2.2 Effect of VGCNF Type and Dispersing Agent 
Figure 3.5 contains response surface plots of the predicted normalized flexural 
modulus and strength for nanocomposites prepared using high-shear mixing. Included in 
the figure are results for four separate material configurations: specimens prepared using 
1) pristine VGCNFs, 2) pristine VGCNFs plus DA, 3) oxidized VGCNFs, and 4) 
oxidized VGCNFs plus DA. As can be seen in Figure 3.5a, nanocomposites prepared 
using oxidized VGCNFs resulted in the greatest improvement in predicted flexural 
moduli. The predicted moduli increased with increasing amounts of VGCNF to a 
maximum normalized value of 1.17 at 0.80 phr VGCNFs. Nanocomposites prepared 
using pristine VGCNFs resulted in slightly lower predicted moduli. This may be due to 
relatively poorer VGCNF bonding to the VE resin compared to that of oxidized VGCNFs.
The presence of a DA resulted in a slight improvement in the predicted flexural 






oxidized VGCNF reinforced nanocomposites was insensitive to the presence of a DA. 
However, nanocomposite strengths were highly sensitive to the presence of a DA (cf., 
Figure 3.5b), particularly at higher VGCNF loadings. Nanocomposites prepared with a 
DA had higher predicted strengths over the range of VGCNF loadings considered here. 
Nanocomposites prepared using oxidized VGCNFs and DA demonstrated the greatest 
improvement in predicted flexural strengths, reaching a maximum normalized value of
1.28 at 0.60 phr VGCNFs. A fiber loading of 0.60 phr corresponds to a nanofiber volume 
fraction of no more than 0.004. For such a tiny VGCNF volume fraction to cause a 28% 
increase in flexural strength is rather remarkable.
Nanocomposites prepared without a DA showed a marked decrease in predicted 
flexural strengths at higher VGCNF loadings. The presence of DA may lead to an 
improvement in flexural strength for two reasons: 1) the DA acts as a plasticizer which 
serves to increase the toughness of the VE resin, and 2) the DA may facilitate better 
dispersion of nanofibers as well as reducing the number and size of VGCNF 
agglomerates at higher VGCNF loadings. These results suggest that nanocomposite 
specimens prepared using oxidized VGCNFs, DA, and high-shear mixing may provide 




Figure 3.5 Flexural properties of nanocomposites containing pristine (PR) or oxidized 
(OX) VGCNF prepared using high-shear mixing: (a) flexural modulus, and 
(b) flexural strength, where nanocomposite flexural properties were 
normalized by the neat VE resin properties. 
3.3.3 Numerical Optimization
In this work, a numerical optimization method was implemented to identify 
combinations of material/fabrication parameters that can maximize both flexural modulus 
and flexural strength (Myers et al, 2009). Design-Expert was used to perform a numerical 
optimization of nanocomposite flexural modulus and strength based upon three 
optimization criteria: 1) maximize flexural modulus only, 2) maximize flexural strength 
only, and 3) maximize both flexural modulus and strength (Stat-Ease Inc., 2009). Table 
3.10 includes the results of the numerical optimization. In this work, the criterion for 
maximizing both flexural modulus and strength was set as the primary goal for practical 
engineering applications. The optimal combination of material/fabrication parameters 
that maximizes both flexural modulus and strength involved use 0.74 phr of oxidized 
VGCNFs, DA, and high-shear mixing. The optimizations resulted in predicted 













similar to those obtained by Nouranian et al. (2010) who optimized VGCNF/VE 
nanocomposites to maximize storage and loss moduli. The RSM model results presented 
here, suggested that DOE techniques may readily be employed to facilitate optimal 
nanocomposite design. 
Table 3.10 






























1 OX OX2 
B: 





VGCNF Loading 0.61 0.61 0.74 
Normalized
Flexural Modulus 1.201 1.176 1.184 
Normalized
Flexural Strength 0.746 1.279 1.264 
1Pristine VGCNF; 2Oxidized VGCNF; 3Dispersing Agent; 4Sonication; 5High-shear mixing. 










MECHANICAL RESPONSE OF VGCNF/VE NANOCOMPOSITES WITH THE 
OPTIMAL MATERIAL/FABRICATION AND COMPOSITION PREPARED 
UNDER ENHANCED CURE AND MIXING 
The optimal combination of VGCNF type, use of dispersing agent (DA), mixing 
method, and VGCNF loading that offers the greatest mechanical property enhancement
has been investigated using a response surface model (RSM) based upon flexural testing 
results. The RSM yielded the following optimal conditions that maximize both flexural 
modulus and strength: 1) use of oxidized VGCNFs, 2) use of DA, 3) use of high-shear 
mixing, and 4) use of 0.74 phr of VGCNF. The combination of these parameters led to a 
18% increase in flexural strength and a 26% increase in flexural modulus. This is a 
remarkable result, considering that the volume fraction of the VGCNF reinforcement was 
less than 0.4 volume percent. 
Nanocomposite mechanical properties are also strongly dependent on 
thermosetting VE resin properties. A well chosen curing cycle can minimize possible 
defects that typically lead to a premature failure of the nanocomposites (hence leading to
an increase in the VE resin mechanical properties). In addition, relatively well dispersed 
VGCNFs in a polymer resin may lead to a substantial improvement in mechanical 









were considered to investigate the effect of the curing cycle on the flexural, tensile and 
compressive responses of the nanocomposites: 1) curing in a nitrogen environment and 2) 
an extended cure cycle where the mold was covered with an aluminum top plate. The
cure system initially employed in the previous chapter was used as a reference (baseline 
cure). Furthermore, two aggressive mixing methods were implemented: coupled mixing 
(identical to previous mixing procedures) and aggressive high-shear mixing (a total 
mixing time of 1.5 hr and a shear rotor rotation speed of 6000 rpm) to improve the degree 
of VGCNF dispersion, resulting in an increase in nanocomposite mechanical properties. 
4.1 Investigation of Enhanced Cure System 
Mechanical properties of thermosets strongly depend on the cure characteristics, 
including degassing, cure temperature, and cure time. In addition, Josep and Xavier (1996) 
asserted that thermoset resin curing is a combination of chemical kinetics and control by 
diffusion. Oxygen typically reacts with growing radical chains, terminating them during 
the curing process. Oxygen reactions play a vital role in controlling free radical chain 
polymerization and in determining cured resin’s mechanical properties. By greatly
reducing free radical chain lengths, oxygen inhibition substantially lowers degree of 
curing, reducing the crosslink density. Therefore, carrying out curing with less oxygen 
present is desirable. Conventional methods for minimizing oxygen inhibition are to cure
under a nitrogen atmosphere and/or to use a covered mold. 
In order to investigate the effect of curing cycle on the mechanical properties of a 
nanocomposite, three different cure systems were implemented: 1) a baseline (initial cure 
at 60 oC for 5 hrs and post-cure at 120 oC for 2 hrs under an air atmosphere), 2) cure 
59 








under a nitrogen atmosphere (initially at 60 oC for 5 hrs then post-cure at 120 oC for
2 hrs), and 3) an extended cure (initial cure at room temperature for 24 hrs and post-cure 
at 120 oC for 2 hrs with an aluminum top plate on the mold). 
A minimum of six neat VE resin flexural specimens, prepared using each of the
these curing cycles, were tested at a specified constant crosshead speed in accordance 
with ASTM D6272. Figure 4.1 contains a plot of the neat VE resin flexural modulus and 
strength for specimens cured under nitrogen (cure 2), as well as for specimens prepared 
using the extended cure with a top plate (cure 3), where those properties were normalized 
by corresponding baseline-cured (cure 1) neat VE resin properties (i.e., flexural modulus
and strength of 3.16 GPa, 74.86 MPa, respectively). The neat VE specimens were
prepared using a standard mechanical mixer. The effect of curing cycle on flexural 
modulus was less significant than for strength. A 2% increase in flexural modulus was
observed for the neat VE resin specimens prepared using the nitrogen cure. Similarly, the 
neat VE resin specimens prepared using extended cure with top plate yielded a 2% 
enhancement in flexural modulus. However, the cure cycle strongly affected flexural 
strength of the neat VE resin specimens. For instance, the neat VE resin specimens 
prepared using nitrogen cure yielded a maximum normalized value of 1.65 and the 
specimens prepared using extended cure with top plate on exhibited a maximum 
normalized value of 1.72. 
The resulting flexural modulus and strength of neat VE resin specimens cured 
under a baseline cure, nitrogen cure, and extended cure with top plate are detailed in 
Table 4.1. Although use of an extended cure with top plate led to slightly better 







was selected as the best cure system because it yielded the smallest C.O.V in flexural 
modulus and strength. For instance, the nitrogen-cured neat VE resin specimens yielded a 
C.O.V of 2.3% for flexural modulus and of 5.4% for flexural strength, while those of 
specimens prepared using extended cure with top plate were 3.0% and 11.7%, 
respectively. In addition, there were concerns regarding void entrapment in specimens 
prepared using a top plate. 
Figure 4.1 Normalized flexural properties of neat VE resin cured under nitrogen and 
extended cure with an aluminum plate on top, where those properties were 
normalized by corresponding baseline-cured neat VE resin properties 
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1 3.26 72.48 3.15 117.94 3.26 111.24 
2 3.24 91.75 3.13 129.58 3.03 124.52 
3 3.08 110.92 3.29 117.11 3.22 135.49 
4 3.15 70.07 3.23 120.41 3.19 144.94 
5 3.18 - 3.15 114.25 3.24 109.79 
6 3.18 58.65 3.32 142.77 3.31 148.54 
7 3.04 45.26 - - - -
Avg. 3.16 74.86 3.212 123.68 3.208 129.09 
C.O.V 2.75% 31.35% 2.30% 5.38% 2.98% 11.71% 
15 hrs @ 60°C + 2 hrs@ 120°C. 
25 hrs @ 60°C + 2 hrs @ 120°C under nitrogen.
324hrs @ RT + 2 hrs @ 120°C with aluminum top plate on the mold exposed to air side. 
4.2 Flexural Response of VGCNF/VE Nanocomposites 
A minimum of five flexural tests were repeated for each VGCNF loading 
(0.25/0.50/0.75/1.00 phr) in accordance with ASTM D6272 to investigate the flexural 
response of VGCNF/VE nanocomposite specimens prepared using a nitrogen cure. 
Figure 4.2 contains a plot of the flexural modulus and strength of the nitrogen-cured 




using high-shear mixing, where a DA was employed. In this figure, the measured 
nanocomposite flexural modulus and strength were normalized by those of baseline-cured 
neat VE resin (i.e., flexural modulus and strength of 3.16 GPa, 74.86 MPa, respectively). 
Nanocomposite specimen dimensions and measured flexural moduli and strengths are 
detailed in Table 4.2. The flexural moduli of nitrogen-cured nanocomposites prepared 
using high-shear mixing slightly increased with increasing amounts of VGCNFs to a
maximum normalized value of 1.03 at 0.75 phr, before decreasing to a normalized 
flexural modulus of 0.89 at 1.00 phr VGCNF loading. The decrease in flexural modulus 
at high VGCNF loadings may be attributable to lower VGCNF dispersion and/or an 
increase in the number and size of VGCNF agglomerates. In contrast, the flexural 
strengths of nitrogen-cured nanocomposites fell below that of the nitrogen-cure neat VE 
resin. Such nanocomposites exhibited a minimum normalized flexural strength of 0.84 at 
0.75 phr VGCNF loading, while a maximum normalized value of 0.91 was observe at 
1.00 phr. The reason for the decrease in strength remains unclear. If one assumes the 
identical degree of dispersion of VGCNFs in both situations, then one might argue that 
the agglomerates (acting as serious defects) have a more detrimental (worse) effect on the 
more brittle (stiffen) VE resin in the nitro-cured samples. 
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 Figure 4.2 Nominal flexural properties of nitrogen-cured VGCNF/VE nanocomposites 
containing oxidized VGCNF loadings of 0.25/0.50/0.75/1.00 phr fabricated 
using high-shear mixing, where those properties were normalized by those of 














Specimen dimensions and flexural properties of nitrogen-cured VGCNF/VE 

























#1 3.017 12.40 3.144 98.09 
#2 2.922 12.35 3.230 112.34 
#3 3.042 12.41 3.238 98.98 
#4 3.041 12.44 3.271 122.58 
#5 2.896 12.52 3.208 109.79 
#6 2.779 12.37 3.277 120.04 
#71 2.823 12.36 3.148 -
Avg. 2.950 12.42 3.23 110.30 










#1 2.975 12.22 3.328 101.16 
#22 3.088 12.60 3.146 -
#32 2.896 12.42 3.351 -
#4 3.023 12.23 3.202 101.61 
#5 3.047 12.31 3.211 104.28 
#6 2.879 12.18 3.289 109.42 
#7 2.824 12.16 3.201 110.49 
Avg. 2.950 12.22 3.25 105.39 










#1 2.333 11.83 3.094 90.03 
#2 2.472 11.57 3.245 104.59 
#3 2.384 11.47 3.313 98.45 
#4 2.624 12.12 3.171 101.68 
#5 2.490 12.15 3.391 112.92 
#6 2.573 12.04 3.419 100.88 
#72 2.195 11.73 3.393 -
Avg. 2.479 11.86 3.31 103.70 






















#1 2.741 12.41 2.857 109.97 
#2 2.891 12.38 2.921 100.00 
#3 3.011 12.30 2.858 123.37 
#42 3.109 12.42 2.821 -
#52 2.859 12.54 2.856 -
#6 2.857 12.39 3.016 116.60 
#7 2.939 12.09 2.584 114.34 
Avg. 2.888 12.31 2.85 112.86 
C.O.V 3.48% 1.08% 5.65% 7.68% 
Neat VE 
(Nitrogen Cure) Avg. 2.797 12.70 3.21 123.68 
1VE resin – VGCNF loading (phr×100) – OX (Oxidized VGCNF) – DA (Dispersing Agent) – HS 
(High-shear mixing). Nanocomposite fabrication procedures are identical to those in page 34. 
2Excluded from average flexural property (modulus and strength) due to extremely low strength 
The VGCNF/VE nanocomposite flexural modulus increased with increasing
amounts of VGCNFs up until a local maximum (cf., Figure 4.2). Further increases in the 
amount of VGCNFs resulted in a decrease in flexural modulus. VGCNF/VE 
nanocomposites with higher VGCNF loadings contain a larger number of internal defects 
due to VGCNF agglomerates and their sizes may be larger. SEM fractography was used 
to assess the degree of VGCNF dispersion and the distribution of VGCNFs within the 
1.00 phr oxidized VGCNF reinforced nanocomposites prepared using baseline high-shear 
mixing. Figure 4.3 shows typical SEM images of 1.00 phr oxidized VGCNF reinforced 
nanocomposite specimens (#4 and #5) possessing relatively low flexural strengths when 
compared to other specimens with the same VGCNF loading. A number of large VGCNF 
agglomerates were present in both of these nanocomposite specimens. The decrease in 








strength (compared to nanocomposites with the same VGCNF loading) may be attributed 
to local stress concentrations due to VGCNF agglomerates. 
Figure 4.3 SEM images of 1.00 phr oxidized VGCNF reinforced nanocomposite 
specimens (prepared using high-shear mixing) possessing poor flexural 
strength: (a) specimen #4 at 2000X and (b) specimen #5 at 4000X, from Yu 
(2009) 
SEM fractography was also used to compare the degree of VGCNF dispersion 
and the distribution of VGCNFs within 1.00 phr oxidized VGCNF reinforced 
nanocomposites possessing relatively high strength versus nanocomposites with the same 
VGCNF loading (Yu, 2009). Figure 4.4 shows a typical SEM image of nanocomposite 
specimen #3 at 3000X magnification. Good VGCNF dispersion with no large VGCNF 
agglomerates was observed throughout the fracture surface. In addition, this SEM image
clearly showed evidence of nanofiber pull-outs and nanofiber/matrix debonding at the 







typically occurs in region with a high local stress zone, such as at an impurity, void, or 
VGCNF agglomerate 
Figure 4.4 SEM (3000X) image of 1.00 phr oxidized VGCNF reinforced nanocomposite 
specimen #3 (prepared using high-shear mixing) possessing a superior 
flexural strength and modulus, from Yu (2009) 
The existence of many VGCNF agglomerates indicates that the baseline high-
shear mixing method (i.e., 15 min. and 4000 rpm shear rotor rotation speed) was 
insufficient to homogeneously disperse the VGCNFs in the VE resin. Relatively well 
dispersed VGCNFs can lead to an increase in mechanical properties (modulus and 
strength). For the baseline high-shear mixing, a degradation in flexural modulus and 
strength at higher VGCNF loading is typical. The dispersion of VGCNFs may be 
improved by more aggressive mixing procedures, such as longer duration (for both 
sonication and high-shear mixing), higher amplitude (for sonication), and faster mixing 
speeds (for high-shear mixing). Therefore, the effect of mixing method on VGCNF/VE 





Two aggressive mixing methods were implemented: coupled high-shear 
mixing/sonication and more aggressive high-shear mixing (longer time, faster rotor 
speed). Mixing procedures (time, shear rotation speed, amplitude) for coupled mixing 
were identical to previous mixing procedures (i.e., high-shear mixing for 15 min and 
4000 rpm high-shear rotation speed, sonication for 1hr and 20% amplitude). Aggressive 
high-shear mixing employed a shear rotor rotation speed of 6000 rpm and a total of 
mixing time of 1.5 hr. Nanocomposite specimens containing 0.75 phr oxidized VGCNFs
were used in the investigation of the effect of aggressive mixing on nanocomposite 
properties. A minimum of five flexural tests were performed for nanocomposites 
containing 0.75 phr oxidized VGCNFs in the presence of DA in accordance with ASTM 
D6272. 
Figure 4.5 shows a plot of the flexural modulus and strength of nitrogen-cured 
nanocomposites containing 0.75 phr oxidized VGCNFs using baseline high-shear mixing, 
coupled mixing, and aggressive high-shear mixing. In this figure, the nanocomposite 
flexural modulus and strength were normalized by those of the nitrogen-cured neat VE 
resin (i.e., specific values of 3.21 GPa, 123.68MPa, respectively). The effect of coupled 
mixing on nanocomposite flexural modulus and strength was insignificant. 
Nanocomposites prepared using coupled mixing exhibited a normalized flexural modulus 
and strength of 1.04 and 0.83, while those of nanocomposites fabricated by the baseline 
high-shear mixing were 1.03 and 0.84, respectively. In contrast, specimens prepared 
using aggressive high-shear mixing led to a modest improvement in flexural modulus 
(1.08) and a significant improvement in strength (0.98) compared to specimens prepared 






prepared using aggressive high-shear mixing were additionally improved by 5% and 14%, 
respectively, compared to those of nanocomposites prepared using baseline high-shear 
mixing. A considerable improvement in flexural modulus and strength may result from 
better VGCNF dispersion. Aggressive high-shear mixing may lead to a higher degree of 
VGCNF dispersion, when compared to the baseline high-shear mixing and coupled 
mixing procedures. However, the flexural strength for nanocomposite specimens
prepared using aggressive high-shear mixing still fell below that of the nitrogen-cured 
neat VE resin. The normalized flexural strength of nanocomposites prepared using 
aggressive high-shear mixing was 0.98. Again, the reason for the apparent decrease in 
strength for nanocomposite specimens prepared in a nitrogen environment remains
unclear. 
Figure 4.5 Nominal flexural properties of nitrogen-cured nanocomposites containing 
0.75 phr oxidized VGCNFs fabricated using baseline high-shear (HS) 
mixing, coupled mixing, and aggressive HS which have been normalized by 















Specimen dimensions and flexural properties of nitrogen-cured VGCNF/VE 


























#1 2.333 11.83 3.094 90.03 
#2 2.472 11.57 3.245 104.59 
#3 2.384 11.47 3.313 98.45 
#4 2.624 12.12 3.171 101.68 
#5 2.490 12.15 3.391 112.92 
#6 2.573 12.04 3.419 100.88 
#72 2.195 11.73 3.393 -
Avg. 2.479 11.86 3.308 103.70 











#1 2.717 12.113 3.346 94.34 
#2 2.996 12.191 3.396 102.93 
#32 2.804 12.273 3.384 -
#4 3.109 12.277 3.106 112.40 
#5 2.908 12.249 3.428 105.66 
#6 2.936 12.292 3.363 108.39 
#7 2.983 12.453 3.343 91.80 
Avg. 2.942 12.263 3.330 102.58 



















#1 2.883 12.412 3.342 120.56 
#2 3.129 12.362 3.511 125.82 
#3 3.054 12.413 3.455 122.51 
#4 2.959 12.476 3.548 124.56 
#5 3.154 12.213 3.463 124.04 
#6 3.041 12.463 3.404 117.52 
#72 3.060 12.309 3.483 114.08 
Avg. 3.038 12.373 3.454 122.50 
C.O.V 3.37% 0.81% 2.14% 2.48% 
1VE resin – VGCNF loading (phr ×100) – OX (Oxidized VGCNF) – DA (Dispersing Agent) – 
HS (High-shear mixing), CO (coupled mixing)







Nanocomposites prepared using baseline high-shear mixing and coupled mixing 
may contain a higher number of larger VGCNF agglomerates that lead to a decrease in 
flexural modulus and strength versus nanocomposites prepared using more aggressive 
high-shear mixing. SEM fractography was used to assess the distribution of VGCNFs
along the fracture surface of nanocomposite specimens prepared using baseline high-
shear mixing and coupled mixing (Yu, 2009). Figure 4.6 shows a typical SEM image of 
the nitrogen-cured 0.75 phr VGCNF-reinforced nanocomposite specimen (#7) prepared 
using baseline high-shear mixing and an SEM image from specimen (#3) prepared using 
coupled mixing. Large-scale VGCNF agglomerates were present within each specimen. 
The SEM images suggest that baseline high-shear mixing and coupled mixing may be 
less efficient in dispersing VGCNFs than more aggressive high-shear mixing. When 
compared to other specimens with the same VGCNF loading, such nanocomposite 
specimens exhibited relatively low flexural strength. The flexural moduli and strengths 
for specimens prepared using aggressive high-shear mixing were significantly larger than
for those specimens prepared using the other mixing techniques. 
Figure 4.6 SEM (5000X) images of nitrogen-cured 0.75 phr VGCNF reinforced 
nanocomposites preparing using: (a) baseline high-shear mixing and (b) 








4.2 Tensile Response of VGCNF/VE Nanocomposites 
Quasi-static tensile testing of VGCNF/VE nanocomposites prepared using 
different mixing methods and cure cycles was performed in accordance with ASTM 
D3039 (ASTM, 2002a). The experiments were performed using an INSTRON 5869 
electromechanical material testing machine with 5 kN load cell. Seven repeat tests were 
performed to obtain baseline nitrogen-cured neat VE resin properties. The axial strain in 
each specimen was measured using an MTS LX-500 laser extensometer. Schematic 
tensile specimen dimensions and the tensile test experimental set-up are shown in Figure 
4.7. 
Figure 4.7 Schematic tensile specimen dimensions and tensile test set-up 
Figure 4.8 contains a plot of the measured uniaxial tensile stress-strain response 
of nitrogen-cured neat VE resin specimens tested at quasi-static strain rate of 10-4(s-1). 
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The nitrogen-cured neat VE resin specimens exhibited typical nonlinear stress-strain 
behavior. The measured stress-strain response was fairly repeatable, except for specimen 
#4 (which suddenly failed at 2.0% strain). The measured tensile properties for each 
specimen are detailed in Table 4.4. Note that the tensile strength was determined from the 
peak force at specimen ruptured and the elastic modulus was determined from the slope 
of the stress-strain curve at 0.2% strain. Since the specimen #4 exhibited an extremely 
low elastic modulus and failure strength, it was excluded from the average property 
calculations. The nitrogen-cured neat VE resin specimens yielded a nominal elastic 
modulus of 3.16 GPa and tensile strength of 74.70 MPa. 
Figure 4.8 Uniaxial tensile stress-strain response of nitrogen-cured neat VE resin 














Tensile properties of nitrogen-cured neat VE resin tested at quasi-static strain (~10-4 s-1) 









Neat VE resin 
#1 2.750 12.642 3.120 80.139 
#2 2.904 12.654 3.120 74.384 
#3 2.992 12.698 3.147 58.825 
#41 2.993 12.696 2.968 -
#5 2.944 12.750 3.179 79.001 
#6 2.880 12.620 3.185 79.787 
#7 2.923 12.646 3.180 76.067 
Avg. 2.899 12.668 3.16 74.70 
C.O.V 8.23% 4.75% 0.96% 10.84% 
1Excluded from the average modulus and strength due to relatively low tensile properties. 
25 hrs @ 60°C + 2 hrs @ 120°C under nitrogen.
A series of quasi-static tensile tests were performed in accordance with ASTM
D3039 to investigate the effect of VGCNF loading on the tensile response of VGCNF/VE 
nanocomposites. Figure 4.9 contains the measured average uniaxial tensile stress-strain 
response of nitrogen-cured VGCNF/VE nanocomposites prepared using high-shear 
mixing, where a DA was employed. The nitrogen-cured neat VE resin had a higher strain 






Figure 4.9 Uniaxial quasi-static (10-4 s-1) tensile stress-strain response of nitrogen-cured 
VGCNF/VE nanocomposites prepared using high-shear mixing, where a DA 
was employed 
Figure 4.10 shows the measured elastic modulus and tensile strength for 
nitrogen-cured VGCNF/VE nanocomposites fabricated using baseline high-shear mixing, 
when a DA was employed. In this figure, nanocomposite tensile properties were 
normalized by those of nitrogen-cured neat VE specimens. The addition of VGCNFs
improved the elastic modulus of nanocomposites over the range of VGCNF loadings, but 
reduced tensile strength. The elastic moduli of nitrogen-cured nanocomposites prepared 
using high-shear mixing increased with increasing amounts of VGCNFs to a maximum 
normalized value of 1.08 at 0.75 phr, before slightly decreasing to a normalized flexural 
modulus of 1.07 at 1.00 phr. Nanocomposite tensile strengths generally increased with 
increasing amounts of VGCNFs up until a local maximum (at 0.75 phr). Further increases 





preceding flexural test results, the measured tensile strengths for specimens prepared
using a nitrogen cure fell below that of the neat VE resin. The mechanism behind the 
apparent decrease in strength remains to be fully explored. Nitrogen-cured VGCNF/VE 
nanocomposite tensile properties are included in Table 4.5 
Figure 4.10 Nominal tensile properties of nitrogen-cured VGCNF/VE nanocomposites 
prepared using a DA and high-shear mixing, normalized by those of 












Specimen dimensions and tensile properties of nitrogen-cured VGCNF/VE 
nanocomposites prepared using high-shear mixing 
Nanocomposite 




















#1 2.976 12.610 3.34 47.24 
#2 2.904 12.626 3.45 55.47 
#3 2.938 12.632 3.15 66.29 
#4 2.896 12.676 3.35 52.73 
#5 2.908 12.730 3.45 62.73 
Avg. 2.924 12.655 3.35 56.89 










#1 3.018 12.556 3.34 50.63 
#2 2.798 12.598 3.55 65.66 
#3 3.062 12.584 3.36 64.83 
#4 3.244 12.732 3.33 46.60 
#5 2.970 12.618 3.35 48.63 
Avg. 3.018 12.618 3.38 55.27 










#1 2.916 12.558 3.49 68.78 
#2 2.986 12.704 3.37 66.06 
#3 2.862 12.630 3.37 74.63 
#4 2.954 12.630 3.46 63.58 
#5 2.820 12.612 3.38 62.31 
Avg. 2.908 12.627 3.41 67.07 










S #1 3.180 12.684 3.29 68.17 
#2 2.944 12.610 3.42 68.48 
#3 2.776 12.604 3.37 68.19 
#4 2.982 12.638 3.40 57.64 
#5 2.836 12.680 3.44 66.42 
Avg. 2.944 12.643 3.38 65.78 
C.O.V 5.291% 0.298% 1.75% 7.02% 







Based upon flexural test results, nanocomposites mechanical properties can be 
improved by aggressive mixing during specimen preparation. Hence, the effect of mixing 
on the tensile properties of nitrogen-cured nanocomposites was investigated. 
Nanocomposite tensile specimens were prepared using both coupled mixing and 
aggressive high-shear mixing, where the mixing procedures were identical to those used 
to prepared flexural specimens. Aggressive high-shear mixing was expected to yield 
better VGCNF dispersion, as well as mechanical property improvements, particularly 
when VGCNF agglomerates are minimized. Nanocomposites containing 0.75 phr
VGCNFs were selected since such nanocomposites yielded great improvements in both 
elastic modulus and tensile strength. 
Figure 4.11 shows the average tensile stress-strain response of nitrogen-cured 
0.75 phr VGCNF reinforced nanocomposites prepared using baseline high-shear, coupled, 
and aggressive high-shear mixing, where a DA was employed. The nitrogen-cured neat 
VE resin had a higher strain at failure in comparison with the more brittle 
nanocomposites. Nanocomposites prepared using baseline high-shear mixing and 
aggressive high-shear mixing exhibited nearly identical stress-strain response but with 
different failure strengths. Nanocomposite specimens prepared using aggressive high-
shear mixing had a significantly higher nominal strength than specimens prepared using 







Figure 4.11 Average tensile stress-strain response of nitrogen-cured 0.75 phr VGCNF 
reinforced nanocomposites prepared using baseline high-shear (HS) mixing, 
coupled mixing, aggressive HS mixing tested at strain rate of 10-4 s-1 
Figure 4.12 contains a plot of the elastic moduli and tensile strengths of nitrogen-
cured 0.75 phr VGCNF reinforced nanocomposites prepared using the two different 
mixing methods. In the figure, nanocomposite tensile properties were normalized by 
corresponding nitrogen-cured neat VE resin properties. The specimen dimensions and 
tensile properties are included in Table 4.6. All three mixing methods led to comparable 
improvements in the measured elastic modulus. The effect of aggressive mixing on 
nanocomposite tensile strength was more significant. While all nanocomposite specimens 
had average strengths below that of the neat VE resin, specimens prepared using 
aggressive high-shear mixing had a nominal strength somewhat higher than specimens 
prepared using the other mixing methods. Aggressive high-shear mixing appeared to be
the mixing method that maximized the nanocomposite elastic modulus and strength for 
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the given VGCNF loading. Further work is required in order to develop nanocomposites 
whose tensile strengths exceed those of the neat VE resin. The tensile strengths of 
nanocomposites are typically very sensitive to the presence of high stress concentration 
regions (i.e., surface flaws, defects, voids, etc). If a VGCNF were individually dispersed 
(no aggregates) and if these fibers were aligned uniaxially (rather than randomly aligned), 
tensile strengths enhancements would be expected. 
Figure 4.12 Nominal tensile properties of nitrogen-cured 0.75 phr VGCNF reinforced 
nanocomposites fabricated using baseline high-shear (HS) mixing, coupled 
mixing, and aggressive HS, where those properties were normalized by 












Specimen dimensions and tensile properties of nitrogen-cured VGCNF/VE 
nanocomposites preparing using baseline high-shear mixing, coupled           
mixing, and aggressive high-shear mixing 
Nanocomposite 




















#1 2.916 12.558 3.49 68.78 
#2 2.986 12.704 3.37 66.06 
#3 2.862 12.630 3.37 74.63 
#4 2.954 12.630 3.46 63.58 
#5 2.820 12.612 3.38 62.31 
Avg. 2.908 12.627 3.41 67.07 











2 2.654 12.656 3.36 47.66 
#2 2.840 12.696 3.43 66.18 
#3 2.818 12.634 3.37 67.53 
#4 3.020 12.828 3.38 56.45 
#5 3.106 12.768 3.36 64.53 
Avg. 2.888 12.716 3.38 63.67 

















#1 3.016 12.640 3.41 69.25 
#22 2.994 12.678 3.48 51.94 
#3 2.846 12.630 3.39 64.25 
#4 2.918 12.748 3.31 69.20 
#5 2.738 12.608 3.44 80.60 
Avg. 2.902 12.661 3.39 70.83 
C.O.V 3.92% 0.43% 1.62% 9.77% 
Neat VE 
(Nitrogen Cure) Avg. 2.899 12.668 74.7 3.155 
Neat VE resin 
(Baseline cure) Avg. 3.528 12.780 20.9 3.147 
1VE resin – VGCNF loading (phr ×100) – OX (Oxidized VGCNF) – DA (dispersing agent) – HS 
(high-shear mixing), CO (coupled HS/CO mixing). 







4.4 Compressive Response of VGCNF/VE Nanocomposites 
Based on the standard test method, ASTM D695 (ASTM, 2002c), flat platen 
quasi-static compression testing of cylindrical VGCNF/VE nanocomposites was 
performed at a strain rate of 10-3 s-1 using an INSTRON 5869 instrument attached to 5 kN 
load cell (Figure 4.13). The prepared cylindrical compressive specimens had average 
length (L)-to-diameter (d) ratios less than 1.0. The specimens with ratios (L/d < 1.0) were 
tested with a high-vacuum silicone lubricant to minimize friction between the surfaces of 
a specimen and the platens. Three different compression properties were determined: 
compressive modulus (the ratio of compressive stress to corresponding strain within the 
linear region of the stress-strain response), compressive strength (the stress measured at 
the permanent yield point, zero slope), and ultimate compressive strength (the stress 
when the specimen is ruptured). 








A series of quasi-static uniaxial compression tests were performed to examine 
the influence of VGCNF loading on the compressive stress-strain of nitrogen-cured 
VGCNF/VE nanocomposites prepared using high-shear mixing. A minimum of five 
compression specimens for each VGCNF loading (0.25/0.50/0.75/1.00 phr) were tested at
a strain rate of 10-3 (s-1). 
Figure 4.14 contains plots of the average compressive stress-strain responses for 
nitrogen-cured VGCNF nanocomposites and the nitrogen-cured neat VE resin. These 
plots were for nanocomposites prepared using DA and baseline high-shear mixing and 
for the neat VE resin prepared using standard mechanical stirring. Similar to the 
proceeding tensile test results (cf., Figure 4.9), the strain to failure increased with 
increasing amounts of VGCNF loadings. A modest improvement in compressive yield 
strength and a significant improvement in ultimate compressive strength were obtained
with the addition of VGCNFs. Both the compressive yield strength and the ultimate
compressive strength increased with increasing amounts of VGCNFs up until a local 











Figure 4.14 Average uniaxial compressive stress-strain responses of nitrogen-cured 
VGCNF reinforced nanocomposites prepared using baseline high-shear 
mixing and tested at a strain rate of 10-3 s-1
Figure 4.15 contains a plot of the compressive moduli, compressive yield 
strengths, and ultimate compressive strengths of the nitrogen-cured VGCNF/VE 
nanocomposites prepared using baseline high-shear mixing. In this figure, nanocomposite 
compressive properties (modulus, strength) were normalized by those of the nitrogen-
cured neat VE resin (i.e., specific values of 3.26 GPa, 121.85 MPa, and 241.25 MPa). 
Slight improvements in compressive modulus and yield strength were obtained over the 
range of VGCNF loading. In contrast, the nanocomposites exhibited a significant 
increase in normalized ultimate compressive strength. The ultimate strengths increased 
with nanofiber loading up to a maximum of 1.17 at a 0.75 phr VGCNF loading, before
decreasing to a value of 1.15 at a 1.00 phr VGCNF loading. The relative reduction in the
compressive strengths at high VGCNF loadings may be associated with a decrease in




substantial improvement (17%) in nanocomposite ultimate compressive strength. The 
compressive properties from this series of compression tests are detailed in Table 4.8. 
Figure 4.15 Nominal compressive properties of nitrogen-cured 0.75 phr oxidized 
VGCNF nanocomposites prepared using baseline high-shear mixing 
normalized by those of nitrogen-cured neat VE resin 
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Table 4.7 
Specimen dimensions and compressive properties of nitrogen-cured VGCNF/VE 


















#1 10.948 12.550 3.23 123.40 274.94S
-H #2 10.773 12.503 3.26 115.15 259.00 
D
A #3 10.763 12.453 3.36 119.21 262.07 
X
-




-O #5 10.855 12.498 3.30 123.08 280.20 
Avg. 10.837 12.487 3.30 120.78 268.07 
C.O.V 0.69% 0.37% 1.68% 2.97% 3.38% 
#1 10.835 12.475 3.31 125.73 311.65 
-H
S #2 11.693 12.318 3.26 124.41 268.11 
D
A #3 10.593 12.445 3.33 125.60 260.35 







#5 11.935 12.440 3.39 124.27 283.09 
Avg. 11.102 12.435 3.32 125.32 276.82 
C.O.V 6.03% 0.55% 1.53% 0.78% 7.78% 
#1 10.888 12.465 3.38 124.80 283.55 
-H
S
#2 10.910 12.448 3.23 124.58 316.74 
D
A #3 11.918 12.365 3.29 124.81 279.29 







#5 11.890 12.380 3.42 124.90 264.59 
Avg. 11.496 12.403 3.34 124.52 281.69 
C.O.V 4.74% 0.40% 2.27% 0.46% 7.60% 
#1 11.89 12.375 3.37 124.96 278.53 S
-H #2 11.895 12.290 3.47 126.35 278.59 
-D
A #3 11.948 12.423 3.38 125.05 253.95 
O




0- #5 11.965 12.375 3.31 125.03 269.22 
Avg. 11.931 12.394 3.39 124.68 276.43 































































1VE resin – VGCNF loading (phr ×100) – OX (Oxidized VGCNF) – DA (dispersing agent) – HS 
(high-shear mixing).
Based upon flexural and tensile testing, aggressive mixing led to an improvement
in nanocomposite flexural and tensile properties (modulus, strength). Since coupled 
mixing was less effective than aggressive high-shear mixing, aggressive high-shear 
mixing was used to prepare compressive test specimens. 
Figure 4.16 shows the average uniaxial compressive stress-strain response from
nitrogen-cured 0.75 phr VGCNF reinforced nanocomposites prepared using baseline 
high-shear and aggressive high-shear mixing. Five repeat tests for each mixing method 
were performed. In this figure, the stress-strain response of nitrogen-cured neat VE resin 
is included for comparison purposes. Both nanocomposites exhibited a 10% decrease in 
ultimate compressive strain (or failure strain) and a 20% increase in ultimate compressive 
strength when compared to the nitrogen-cured neat VE resin. The nitrogen-cured
nanocomposites for all VGCNF loadings had a lower strain to failure in comparison with 
the more ductile neat VE resin. The nitrogen-cured neat VE resin had a higher strain at 
failure in comparison with the more brittle nanocomposites for all VGCNF loadings. 









Specimens prepared using aggressive high-shear mixing had higher compressive yield 
strengths, plateau stresses, and ultimate strength.
Figure 4.16 Average uniaxial tensile stress-strain responses of nitrogen-cured 0.75 phr 
VGCNF reinforced nanocomposites prepared using baseline high-shear (HS) 
mixing and aggressive HS mixing and tested at a strain rate of 10-3 s-1 
Figure 4.17 contains a plot of the compressive moduli and strengths of nitrogen-
cured nanocomposites prepared using both baseline and high-shear mixing, where a DA 
was employed. Here, nanocomposite compressive properties were normalized by those of 
the nitrogen-cured neat VE resin. The compressive moduli and strengths for
nanocomposite specimens prepared using baseline high-shear mixing yielded a 
normalized compressive modulus, compressive yield strength, and ultimate compressive 
strength value of 1.02, 1.02, and 1.17. The specimens prepared using aggressive high-





Nanocomposite specimen dimensions and their relevant compressive properties are 
summarized in Table 4.8. While aggressive high-shear mixing resulted in an 
improvement in nanocomposite flexural and tensile properties in comparison with high-
shear mixing, it had less effect on compressive modulus and strengths. This may be due 
to the fact that compressive properties are matrix dominated and less sensitive to VGCNF 
agglomerates.  
Figure 4.17 Normalized compressive properties of nitrogen-cured 0.75 phr VGCNF 
nanocomposites prepared using baseline high-shear mixing and aggressive 
high-shear mixing by those of nitrogen-cured neat VE resin 
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Specimen dimensions and compressive properties of nitrogen-cured VGCNF/VE 



































































































































(Nitrogen Cure) Avg. 11.609 12.573 3.258 121.853 241.25 










SUMMARY AND CONCLUSION 
An investigation of the effect of material and fabrication parameters on 
VGCNF/VE nanocomposite flexural modulus and strength was performed, with a focus
on VGCNF type (pristine, oxidized), use of dispersing agent (DA), mixing technique 
(sonication, high-shear, and coupled mixing), and VGCNF loading (0.25/0.50/0.75/1.00 
phr). Response surface models (RSMs) were developed to identify the effect of
material/fabrication parameters on nanocomposite flexural modulus and strength. 
Reduced quadratic polynomials, obtained by the backward elimination technique, were 
used to characterize both flexural modulus and strength. VGCNF type, mixing method, 
VGCNF loading, and their interactions appeared to be significant factors for flexural 
modulus, while the mixing method and interactions were found to be significant factors 
for flexural strength. 
The predicted nanocomposite flexural modulus increased with increasing
amounts of VGCNFs up to a local maximum (at 0.75 phr). The decrease in predicted 
moduli for specimens prepared using high-shear mixing followed by sonication at high 
VGCNF loadings may be attributed to a decrease in VGCNF dispersion. While the 
predicted modulus for specimens prepared using coupled mixing increased over the range 











slightly below that of the other two mixing types. The predicted flexural strength for 
specimens prepared using sonication fell below that of the neat VE resin except for
VGCNF loadings approaching 1.00 phr. Similarly, the predicted strength for specimens
prepared using coupled mixing initially fell below those of the neat VE resin, before 
reaching a maximum value of 1.20 at 1.00 phr VGCNFs. In contrast, the predicted
strength for specimens prepared using high-shear mixing increased with increasing
VGCNF loading to a maximum normalized value of 1.28 at 0.60 phr VGCNFs, before 
decreasing to value of 1.17 at 1.00 phr VGCNFs. Again, the relative decrease in predicted 
strength at higher VGCNF loadings is most likely associated with nanofiber 
agglomerations and/or poor dispersion of VGCNFs. In this work, high-shear mixing 
appeared to be the most effective mixing method to improve both flexural modulus and 
strength.
The effects of the type of VGCNF and DA on the nanocomposite flexural 
modulus and strength were both less significant factors than the mixing method. Both 
VGCNF type and the use of DA were investigated by response surface plots of the 
predicted normalized flexural modulus and strength for nanocomposites prepared using 
high-shear mixing. Four separate material configurations were compared: specimens
prepared using 1) pristine VGCNFs, 2) pristine VGCNFs plus DA, 3) oxidized VGCNFs, 
and 4) oxidized VGCNFs plus DA. The presence of DA led to a slight improvement in 
the predicted flexural modulus of nanocomposites fabricated with pristine VGCNFs, 
while the modulus for oxidized VGCNF reinforced nanocomposites was insensitive to 










However, nanocomposite strength was highly sensitive to the presence of a DA, 
particularly at higher VGCNF loadings. Specimens prepared without a DA showed a 
substantial decrease in predicted flexural strength since a DA acts as a plasticizer, and it 
may facilitate better dispersion of nanofiber at higher VGCNF loadings. These results 
suggest that nanocomposite specimens, prepared using oxidized VGCNFs, DA, and high-
shear mixing, may provide the best nanocomposite flexural strengths. 
A numerical optimization method was implemented to identify the best 
material/fabrication parameters that maximize both flexural modulus and strength. The
criterion for maximizing both flexural modulus and strength was set as the primary goal. 
The optimal combination of material/fabrication parameters involved the use 0.74 phr of 
oxidized VGCNF, DA, and high-shear mixing. The optimization showed normalized 
flexural modulus and strength values of 1.18 and 1.26. This is a notable result because a 
very small weight fraction (0.74 phr, corresponding to a volume fraction of ~0.004) of 
VGCNFs resulted in a 18% increase in flexural modulus and a 26% increase in flexural 
strength.
A well chosen curing cycle can lead to an increase in nanocomposite mechanical 
properties (moduli and strengths) since it can raise the crosslink density as the curing
moves closer to completion. A series of flexural tests were performed to investigate the
effect of curing cycle on the flexural modulus and strength of neat VE resin specimens. 
Two more curing protocols were considered: 1) nitrogen cure, and 2) extended cure with 
an aluminum top plate on the mold. Both the nitrogen cure and the extended cure with 
top plate led to a slight increase in flexural modulus and a substantial enhancement in 





strength. Nitrogen cured VE resin specimens displayed a 2% and 65% increase in flexural 
modulus and strength in comparison to VE specimens prepared using a baseline curing 
protocol. 
A series of flexural, tensile, and compression tests were performed to 
characterize the mechanical response of VGCNF/VE nanocomposites fabricated under 
the optimal material/fabrication configuration combined with the nitrogen cure. The 
flexural modulus of nitrogen-cured nanocomposites prepared using high-shear mixing 
increased with increasing amounts of VGCNFs to a maximum normalized value of 1.03 
at 0.75 phr, before decreasing to a normalized flexural modulus of 0.89 at 1.00 phr. In 
addition, flexural strength fell below that of the nitrogen-cure neat VE resin. SEM images 
of nanocomposites containing 1.00 phr oxidized VGCNFs revealed a number of large 
VGCNF agglomerates that result in a substantial decrease in flexural modulus and 
strength. Similarly, the tensile modulus of the nanocomposites increased with increasing 
amounts of VGCNFs to a maximum normalized value of 1.08 at 0.75 phr, before slightly 
decreasing to a normalized elastic modulus of 1.07 at 1.00 phr. Again, tensile strength fell 
below that of the neat VE resin. A decrease in flexural and elastic moduli at higher 
VGCNF loadings may be associated with an increase in VGCNF agglomerates. The 
reason for the apparent decrease in flexural and tensile strengths for nanocomposite 
specimens prepared in a nitrogen environment remains unclear. While nanocomposite 
flexural and elastic moduli increased with increasing amounts of VGCNFs up until a 
local maximum, the compressive modulus of the nanocomposites slightly increased with
increasing amounts of VGCNFs. A slight improvement in compressive yield strength was 








significant increase (~20%) in normalized ultimate compressive strength in comparison
with to neat VE resin. 
Relatively well dispersed VGCNFs may lead to a substantial improvement in
mechanical properties. The effect of more aggressive mixing on the flexural, tensile, and 
compressive properties of nitrogen-cured nanocomposites was investigated. Two 
aggressive mixing methods were implemented to investigate possible improvements in 
nanocomposite flexural, tensile, and compressive moduli and strengths: 1) coupled 
mixing and 2) aggressive high-shear mixing. Nitrogen-cured nanocomposites containing 
0.75 phr oxidized VGCNFs were selected that typically provided the greatest
improvement of nanocomposite moduli and strengths. Both coupled mixing and 
aggressive high-shear mixing led to a slight increase in nanocomposite flexural and 
elastic moduli and a substantial increase in flexural and tensile strengths compared to
nanocomposite specimens prepared using baseline sonication or high-shear mixing 
techniques. The effect of aggressive high-shear mixing was more profound than that of 
coupled mixing. However, the measured strengths were still lower than that of the 
nitrogen-cured neat VE specimen. While use of aggressive high-shear mixing caused a
slight improvement in nanocomposite flexural and tensile moduli and a significant 
improvement in strengths in comparison with baseline mixing, its effect on 
nanocomposite compressive modulus and strength was insignificant due to the fact that 
compressive properties are matrix dominated, and less sensitive to VGCNF agglomerates. 
Nanocomposites prepared using aggressive high-shear mixing exhibited a 1%, 4%, and 3% 
increase in compressive modulus, compressive yield strength, and ultimate compressive 






This study demonstrates that statistically reliable response surface models may 
be used to understand the complex coupling between material configuration and 
processing that lead to improved nanocomposite mechanical properties. Future work is 
required, however, in order to develop nanocomposite fabrication methodologies that



















Al-Saleh, M. H. and Sundararaj, U. 2009, “A review of vapor grown carbon 
nanofiber/polymer conductive composites,” Carbon, 47, 2-22. 
Applied Sciences Inc., Pyrograf ®  , 2001a. 
Applied Sciences Inc., Pyrograf ® , 2001b. 
Ash, B. J., Siegel, R.W. and Schadler, L. S., 2004, “Mechanical Behavior of 
Alumina/Poly (methyl methacrylate) Nanocomposites”, Macromolecules, 37 
(4), 1358-1369. 
Ashland Chemical Company, Derakane 510 A – 40 Epoxy Vinyl Ester Resin Technical 
Datasheet, 2004a. 
Ashland Chemical Company, Derakane 510 C – 350 Epoxy Vinyl Ester Resin Technical 
Datasheet, 2004b. 
Ashland Chemical Company, Derakane 441 – 400 Epoxy Vinyl Ester Resin Technical 
Datasheet, 2004c. 
ASTM D6272, "Standard Test Method for Flexural Properties of Unreinforced and 
Reinforced Plastics and Electrical Insulating Materials by Four-Point 
Bending,” ASTM, West Conshohocken, PA, 2002a. 
ASTM D3039, “Standard Test Method for Tensile Properties of Polymer matrix 
Composite Materials,” ASTM, West Conshohocken, PA, 2002b. 
ASTM D695, “Standard Test Method for Compressive Properties of Rigid Plastics,” 
ASTM, West Conshohocken, PA, 2002c. 
Baker, R. T. K. and Harris, P. S., 1978, The Formation of Filamentous Carbon, in 
Chemistry and Physics of Carbon in Walker, P.L. and Thrower, P.A., Edition, 
Marcel Dekker, New York, NY, 18 (84).
Burchill, P. J. and Pearce, P. J., 1996, Polymeric Materials Encyclopedia Salamone, J.C. 





















BYK Additives & Instruments, BYK-9076 Dispersing additive data sheet, 2009. 
Chatterjee, A. and Deopura, B. L., 2002, “Carbon Nanotubes and Nanofibre: An 
Overview,” Journal of fibers and polymers, 3 (4).
Ci, L., Li, Y., Wei, B., Xu, C., Liang, J. and Wu, D. 2000, “Preparation of carbon 
nanofibers by the floating catalyst method,” Carbon, 38 (14), 1933-1937. 
Cox, H., Dearlove, T., Rodges, W., Verbrugge, M. and Wang, CS, “Nanocomposite 
Systems for Automotive Applications,” In presented at 4th World Congress in 
Nanocomposites, EMC, San Francisco, 2004. 
Stat-Ease Inc., Design-Expert® Versions 8.0.1, 2009. 
Dudgeon, C. D., 1985, Handbook of Composites, Watt, W. and Perov, B. V. Edition, 
Elsevier Science Publications, New York, NY.
Ehrburger, P., 1990, Surface properties of carbon fibers. In Carbon fibers, filaments, and 
composites, in Figueiredo, J. L., Bernardo, C. A., Baker, R. T. K., Huettinger,
K. J. edition, Dordrecht: Kluwer, 147-161. 
Endo, M. and Shikata, M., 1985, “Growth of Vapor-Grown Carbon Fibers Using Ultra-
Fine Particles of Metals,” Oyo Butsuri (Applied Physics), 54 (507). 
Endo, M., Kim, Y. A. and Hayashi, T., 2001, “Vapor-grown carbon fibers (VGCFs) – 
basic properties and their battery applications,” Carbon, 39 (9), 1287-97. 
Figueredo, J. L. and Serp, Ph., 2001, Optimizing growth conditions for carbon filaments 
and vapor-grown carbon fibers in Carbon filaments and nanotubes, in Biró, L.
P., Bernardo, C. A. and Tibbetts, G. G. and Lambin, Ph edition. Nato Science 
Series E: Applied Science, 372. 
Gao, F., 2004, Clay/Polymer Composites: the story, Materials Today, 7 (11), 50-55. 
Goodman, S. H., 1986, Handbook of thermoset Plastics, Noyes publications, Park Ridge, 
NY.
Gou, J., Anumakonda, K. and Khan, A., 2007, "Molecular Dynamics Simulation of 
Functionalized Carbon Nanofibers and Polymer Resins," International Journal 
of Nanoscience, 6 (4), 1-14. 





















Hawk, J., “The Boeing 787 Dreamliner: More Than an Airplane”, Presentation to 
AIAA/AAAF Aircraft Noise and Emissions Reduction Symposium. 
AIAA/AAAF, Retrieved July15, 2007. 
Jacobsen, R. L., Tritt, T. M., Guth, J. R., Ehrlich, A. C. and Gillespie, D. J., 1995, 
“Mechanical properties of Vapor-grown carbon fiber,” Carbon, 33,1217-1221 
Johnson, W. S. and Saltysiak, B., 2002, “Nanotube Reinforcement of Adhesively Bonded 
Joints”, Project No. 1806636, Georgia Institute of Technology. 
Josep, M. S. and Xavier, R., 1996, “Comparative study of the cure kinetics of an 
unsaturated polyester resin using different procedures,” Polymer engineering 
and science, 36, 835-851. 
Karger, K., J. and Zhang, Z., 2004, Structure-property relationships in nanoparticle/semi-
crystalline thermoplastic composites, in Mechanical Properties of Polymers
Based on Nanostructure and Morphology, Balta Calleja, F. J., Michler, G. H.
edition, CRC Press/Marcel Dekker, New York, NY.
Koo, J. H., 2006, Polymer nanocomposites: processing, characterization and applications, 
McGraw-Hill Professional Publishing, New York, NY, 72-74. 
Kohan, M. I., 1995, Commercial Nylon Plastics in Nylon Plastics Handbook, Kohan
M.I., Edition, Hanser, New York, 6. 
Krätschmer, W., Lamb, L. D., Fostiropoulos, K. and Huffman, D. R., 1990, “Solid C60 A 
new form of Carbon,” Nature, 347, 354-358. 
Kulshreshtha, A. K. and Vasile C., 2002, Handbook of polymer blends and composites, 
Rapra technology Limited, England. 
Kumar, S., Doshi, H., Srinivasaro, M., Park, J. O. and Schiraldi, D. A., 2002, “Fibers 
from polypropylene/nano carbon fiber composites,” Polymers, 43, 1701-1703 
Kuriger, R. J., 2000, “Improved thermoplastic composite by alignment of vapor-grown 
carbon fiber,” Ph. D. dissertation, Ohio University. 
Lawrence, J. G., Beran, L. M. and Nadarajah, A., 2008, “Elastic Properties and 
Morphology of Individual Carbon Nanofibers,” American Chemical Society 
Nano, 2 (6), 1230-1236. 
Lacy, T.E., Pittman Jr., C.U., Toghiani, H., Nouranian, S., Hutchins, J., Zhou, Y., Jeelani,
S., and Carpenter, J.A., 2009, “Structural Nanocomposite Design,” DOE 




















Lee, J., 2005, “Thermoplastic composite with vapor-grown carbon fiber,” Ph. D.
dissertation, Ohio University.
Li, H., 1998, “Synthesis, characterization and properties of vinyl ester matrix resins,” Ph. 
D. dissertation, Virginia Tech. 
Lozano, K. and Barrera, E.V., 2001, “Nanofiber-reinforced thermoplastic composites, I. 
Thermoanalytical and mechanical analyses,” Journal of Applied polymer 
Science, 79, 125-133. 
Luo, J. J. and Daniel, I. M., 2003, “Characterization and modeling of mechanical 
behavior of polymer/clay nanocomposites,” Composite Science Technology, 63 
(11), 1607-1616. 
Mahfuz, H., Zainuddin, S, Parker, M. R., Al-Saadi, T., Rangari, V. K. and Jeelani, S., 
2009, "Reinforcement of SC-15 epoxy with CNT/CNF under high magnetic 
field: an investigation of mechanical and thermal response," Journal of 
Materials Science, 44, 1113-1120. 
Margolis, J. M., 1986, Advanced Thermoset Composites, Industrial and Commercial
Application, Van Nostrand Reinhold, New York, NY. 
Miyagawa, H., Rich, M.J. and Drzal, L.T., 2006, “Thermo-physical properties of epoxy 
nanocomposites reinforced by carbon nanotubes and vapor grown carbon 
fibers”, Thermochim Acta, 442 (1), 67-73. 
Montgomery D. C., 1991, Design and Analysis of Experiments, Wiley & Sons, New 
York, NY.
Mordkovich, V. Z., 2003, “Carbon Nanofibers: A New Ultrahigh-Strength Materials for 
Chemical Technology,” Theoretical Foundations of Chemical Engineering, 37, 
429-438. 
Mori, T. and K. Tanaka, 1987, “Average stress in matrix and average elastic energy of 
materials with misfitting inclusions,” Acta Metallurgica, 21, 571-574. 
Mujika, F., 2005, “On the difference between flexural moduli obtained by three-point and 
four-point bending tests,” Polymer Testing, 25, 214-220. 
Myers R. and Montgomery D. C., 1995, Response Surface Methodology: Process and 
Product Optimization Using Designed Experiments, Wiley & Sons, New York, 
NY.
Nanotechnology: Shaping the World Atom by Atom, National Science and Technology 









Nouranian, S., Toghiani, H., Lacy, T.E., and Pittman Jr., C.U., “Viscoelastic Properties of
Vapor-Grown Carbon Nanofiber/Vinyl Ester Nanocomposites,” in the 
Proceedings of the International SAMPE Symposium and Exhibitions,
SAMPE’09, Baltimore, MD, May 18-21, 2009a.
Nouranian, S., Toghiani, H., Lacy, T.E., and Pittman Jr., C.U., “Response Surface Study 
of Vapor-grown Carbon Nanofiber/Vinyl Ester Nanocomposites Fabricated 
Using High-shear Mixing, in the Proceedings of the 24th Annual Technical 
Conference of the American Society for Composites, Newark, DE, September
15-17, 2009b. 
Nouranian, S., Toghiani, H., Lacy, T.E., Pittman Jr., C.U., Dubien, J., 2010, “Dynamic
Mechanical Study and Optimization of Vapor-grown Carbon Nanofiber/Vinyl 
Ester Nanocomposites Using Design of Experiments,” Peer reviewed journal 
article in preparation. 
Octavio, M. T., Saul, S. V. and Luis, F. R. V., 2006, “Effect of Carbon Nanofiber
Functionalization on the Dispersion and Physical and Mechanical Properties of 
Polystyrene Nanocomposites,” Journal of Macromolecular Materials and 
Engineering, 291 (12), 1547-1555. 
Ortona, A., Danani, A., Riboldi, E. and Scocchi, G., 2008, Mechanical characterization of 
Carbon nanofiber/epoxy composites produced with different dispersion 
strategies, in the Proceedings of IEEE International Conference on Emerging 
Technologies and Factory Automation , ETFA’08, 192-199. 
Ozkan, T., Naraghi, M. and Chasiotis, I., 2009, “Mechanical properties of vapor grown 
carbon nanofibers,” Carbon, 48 (1), 239-244. 
Prolongo, S.G., Buron, M., Gude, M. R., Moran, R. C., Campo, M. and Urena, A., 2008, 
“Effects of dispersion techniques of carbon nanofibers on the thermo physical 
properties of epoxy nanocomposites,” Composites Science and Technology, 68, 
2722-2730. 
Plaseied, A. J., 2006, “Mechanical Behavior Characterization and Modeling of Vinyl 
Ester and Its Carbon Nanofiber Composite Including Strain Rate and 
Temperature Effects,” Ph. D. dissertation, University of Toledo 
Sheppard, W. L., 1986, Corrosion and Chemical Resistant Masonry Materials Handbook, 
William Andrew Publishing/Noyes, New York, NY. 
Shi, D., Lian, J., He, P., Wang, L. M., Xiao, F., Yang, L., Schulz, M. J. and Mast, D. B., 
2003, “Plasma coating of carbon nanofibers for enhanced dispersion and 






















Singh, C., Quested, T., Boothroyd, C. B., Thomas, P., Kinloch, I. A., Abou-Kandil, A. I., 
and Windle, A. H., 2002, “Synthesis and Characterization of Carbon 
Nanofibers Produced by the Floating Catalyst Method,” Journal of Physical 
Chemistry, 106 (42), 10915-10922. 
Tan, F. T. Qiao, X. L., Chen, J. G. and Wang, H. S. 2005, “Effects of coupling agents on 
the properties of epoxy-based electrically conductive adhesives,” International 
Journal of Adhesion and Adhesives, 26 (6), 406–413. 
Tandon, G. P. and Weng, G. J., 1984, “The effect of aspect ratio of inclusions on the 
elastic properties of uni-directionally aligned composites,” Polymer 
Composites, 5, 327-333. 
Tang, X., Hammel, E. Trampert, M., Mauthner, J and Schmitt, T., , in the Proceedings of 
1st Vienna International Conference Micro- and Nano-Technology,
Viennano´05, March 9-11, 2005. 
Thess, A., Lee, R., Nikolaev, P., Dai, H., Petit, P., Robert, J., Xu, C., Lee, Y. H., Kirn, S. 
G., Rinzler, A. G., Colbert, D. T., Scuseria, G. E., Tomanek, D., Fischer, J. E. 
and Smalley, R. E., 1996, “Crystalline ropes of metallic carbon nanotubes,”
Science, 273, 483. 
Tibbetts, G. G., Devour, M. G. and Rodda, E. J., 1987, “An adsorption-diffusion isotherm 
and its application to the growth of carbon filaments on iron catalyst particles”, 
Carbon, 25 (3), 367-375. 
Tibbetts, G. G., Doll, G. L., Gorkiewicz, D. W., Moleski, J. J., Perry, T. A., Dasch, C. J. 
and Balogh, M. J., 1993, ”Physical properties of vapor-grown carbon fibers,” 
Carbon, 31 (7), 1039-1047. 
Tibbetts, G. G., 2001, Vapor-grown carbon fiber research and applications: achievements
and barriers, NATO Science Series E: Applied Science, 372, 1-9. 
Tibbetts, G. G., Lake, M. L., Strong, K. L. and Rice, B. P. Rice, 2007, “A review of the 
fabrication and properties of vapor-grown carbon nanofiber/polymer 
composites,” Composite Science Technology, 67 (7-8), 1709-1718. 
Ting, J, 1999, “Tensile Properties of VGCF reinforced carbon composites,” Journal of 
materials science, 34, 229-233. 
Uchida, T., Anderson, D. P., Minus, M. L. and Kumar, S., 2006, “Morphology and 










Wei, C. and Srivastava, D., 2004, “Nanomechanics of carbon nanofibers: Structural and 
elastic properties,” Applied Physics Letter, 85, 2208. 
Xu J., Chatterjee S, Koelling KW, Wang YR, Bechtel SE, 2005, “Shear and extensional 
rheology of carbon nanofiber suspensions.” Rheologica Acta, 44 (6), 537-562. 
Xu, J., Donohoe, J.P., Pittman, Jr., C.U., 2004. “Preparation, Electrical and Mechanical 
Properties of Vapor Grown Carbon Fiber (VGCF)/Vinyl Ester Composites,” 
Composites, Part A: Applied Science and Manufacturing, 35A(6), 693-701 
Yasmin, A., Luo, J. J. and Daniel, I. M., Processing of Graphite Nanosheet Reinforced 
polymer nanocomposites, in the Proceeding 19th international conference on 
American society for composites, Georgia Institute of Technology, 2004. 


















VGCNF/VE NANOCOMPOSITE SPECIMEN DIMENSIONS AND THEIR 



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































    
 111 
Ta
bl
e 
A
.3
 c
on
tin
ue
d 
V
E-
PR
-2
5-
D
A
-
C
O
 
#1
 
32
8.
9 
5.
98
9 
12
.8
02
 
1.
00
4 
63
5.
18
6 
2.
16
1 
3.
22
9 
62
.2
48
 
#2
 
33
0.
5 
6.
00
7 
12
.4
89
 
1.
00
1 
92
3.
31
7 
3.
03
0 
3.
29
6 
92
.1
98
 
V
E-
PR
-5
0-
D
A
-
C
O
 
#1
 
31
6.
3 
5.
95
2 
12
.6
67
 
1.
01
0 
68
6.
96
3 
2.
69
0 
3.
19
7 
68
.8
88
 
#2
 
19
4.
8 
5.
03
3 
12
.5
68
 
1.
19
5 
65
0.
42
2 
3.
72
6 
3.
28
3 
91
.9
36
 
V
E-
PR
-7
5-
D
A
-
C
O
 
#1
 
20
8.
2 
5.
04
2 
12
.5
83
 
1.
19
2 
38
8.
43
8 
2.
28
4 
3.
48
5 
54
.6
44
 
#2
 
27
2.
9 
5.
71
5 
12
.5
38
 
1.
05
2 
47
0.
93
4 
2.
20
5 
3.
14
8 
51
.7
50
 
V
E-
PR
-1
00
-D
A
-
C
O
 
#1
 
27
2.
9 
5.
64
4 
12
.6
55
 
1.
06
5 
88
6.
18
9 
3.
82
6 
3.
23
9 
98
.9
24
 
#2
 
30
9.
1 
5.
90
2 
12
.5
89
 
1.
01
9 
64
6.
65
2 
2.
64
2 
3.
22
5 
66
.3
58
 
V
E-
O
X
-2
5-
D
A
-
C
O
 
#1
 
29
0.
4 
5.
72
1 
12
.5
36
 
1.
05
1 
64
0.
31
9 
2.
67
3 
3.
34
0 
70
.2
27
 
#2
 
40
2.
3 
6.
25
6 
12
.5
56
 
0.
96
1 
79
7.
50
4 
2.
65
6 
3.
53
3 
73
.0
30
 
V
E-
O
X
-5
0-
D
A
-
C
O
 
#1
 
33
5.
0 
5.
93
8 
12
.5
32
 
1.
01
2 
68
1.
35
4 
2.
45
5 
3.
44
7 
69
.3
88
 
#2
 
30
6.
9 
5.
69
1 
12
.6
07
 
1.
05
6 
85
5.
96
1 
3.
32
1 
3.
56
6 
94
.3
36
 
V
E-
O
X
-7
5-
D
A
-
C
O
 
#1
 
25
3.
6 
5.
44
4 
12
.5
95
 
1.
10
4 
71
8.
58
0 
3.
44
3 
3.
36
9 
86
.6
27
 
#2
 
33
3.
6 
5.
90
5 
12
.6
13
 
1.
01
8 
66
2.
71
8 
2.
58
7 
3.
46
8 
67
.8
08
 
V
E-
O
X
-1
00
-
D
A
-C
O
 
#1
 
20
6.
2 
5.
04
7 
12
.5
15
 
1.
19
1 
72
5.
41
7 
4.
10
8 
3.
46
0 
10
2.
40
1 
#2
 
17
3.
4 
4.
61
8 
12
.5
17
 
1.
30
2 
67
1.
96
4 
4.
27
3 
3.
79
8 
11
3.
27
9
 1
V
E 
(V
in
yl
 E
st
er
) –
 V
G
C
N
F 
ty
pe
 –
 V
G
C
N
F 
lo
ad
in
g 
(p
hr
 ×
10
0)
 –
 U
se
 o
f d
is
pe
rs
in
g 
ag
en
t –
 M
ix
in
g 
m
et
ho
d 
PR
 =
 P
ris
tin
e 
V
G
C
N
F;
 O
X
 =
 O
xi
di
ze
d 
V
G
C
N
F;
 D
A
 =
 D
is
pe
rs
in
g 
A
ge
nt
; C
O
 =
 C
ou
pl
ed
 H
S/
SO
 m
ix
in
g 
